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100 INTRODUCTION AND OVERVIEW

Introduction: Most who will use this document will go to the measurement procedure
sections directly and get to work or may be interested in the discussions of measurement problems
in the Metrology Section (A100). If you are a beginner in photometry and colorimetry, you may
wish to review a number of subsections in the Technical Discussions Section (A200) in the
Appendix to get a better understanding of the difficult concepts employed and the units of
measuring light. A summary of the more important tables presented in this document are found S B M
in the Appendix under Tables of Note (A500). However, we especially want to call your attention
to the Reporting Section (200). There you will find a template called the “VESA Suite of Basic Suite of Basic
Measurements.” The Suite of Basic Measurements (SBM) is asmall set of important Measurements.
measurements that are selected from all the measurements contained in this document. See the
Reporting Section (200) for a complete discussion. The SBM Report Form is a one-page report (two sides) for the
measurements in the SBM. We hope you will find the template useful and easy to use with the procedures. The
measurements that are a part of the SBM are marked with the icon at the right.

NOTE: Theword “screen” is used throughout this document to mean the active visible area that produces
video information—often called the viewable ar ea of the screen or display. The diagonal of the screen refers only
to the diagonal measure of the viewable area of the screen, assumed to be rectangular. The term “diagonal” may
not be used to refer to parts of the surface of the display that either don't contain image producing pixels or are
covered by abezel in normal operation of the display.

Scope and Extension: This standard is a measurement standard, not a compliance standard, nor a
prescription for calibration or adjustment of displays. We are trying to describe good metrology for characterizing
flat panel displays (FPDs). What people do with the resultsis their own business, but we wanted to make sure that
it was measured correctly. The goal of a measurement standard is to provide unambiguous methods so that
everybody would get the same results on the same display. Another goal of this standard is to make robust
measurements as simple as possible for the widest variety of equipment. A final goa of this standard is to establish
conventions of naming and reporting parameters that characterize the screen, such as “diagonal,” maximum
imprecision of areported diagonal measurement, aspect ratio definition and the maximum imprecision of a
reported aspect ratio, etc.

Ultimately, this standard will be extended so that it can be used for all display types. However, at thistime
we are focusing our attention on emissive or transmissive color displays that would be used for the workplace, in a
laptop computer, or the equivalent. These are often called direct-view displays that don’t depend upon ambient
light as do reflective or transflective displays. It is left to the user to adapt these methods to other displays as
appropriate. For example, monochr ome displays based on luminance contrast would be accommodated by
avoiding the color-based measurements, whereas monochrome displays based on color contrast would employ the
color measurements and might avoid the luminance-based measurements. Also, reflective and transflective
displays would require the specification of an ambient light configuration before these methods could be applied. In
the future we intend to add more procedures as users demand them, e.g., to accommodate projection displays,
head-mounted displays, head-up displays, stereoscopic displays, and CRT displays. Thisis not a static document.
More procedures will be added as they become fully tested. If a procedure is not in this document and you think it
should be included, feel free to contact the chair or vice chair listed below. Some procedures may be lessreliable
than others, or they have not been fully tested. Such procedures are clearly marked as tentative or preliminary.
They were included for the sake of completeness. They will be appropriately refined in later versions. On the
VESA web site (www.vesa.org in directory /pub/fpdm) we will maintain a publicly accessible update file
FPDMUPDT.PDF (Adobe's Portable Document Format®) that documents any known errors, omissions, updates,
and comments of substance regarding the current version. In a document of this magnitude, there are bound to be
errors, improvements, etc. The maintenance and availability of this file assures that users of this document will
have the latest information.

Buffet: The thinking behind this document is simple: The user may select the measurements that are most
important to characterize the display for its intended use—like selecting food items from a buffet—and may ignore
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uninteresting measurements. In other words, you don’'t need to use all the procedures listed in this document.
Select the ones you want, or use the ones agreed upon by al interested parties. There may be different ways to
characterize the same thing, such as measuring contrast under different conditions. Each measurement isa
separate procedure by itself with a unique name and a clear identification.

Format and Special Content: We have spent considerable time attempting to outline sources of errorsin
measurements. We have included diagnostics to detect some of the problems in the measurement equipment, and
we have included a rather extensive discussion on good metrology in the Metrology Section in the appendix
(A100). The appendix also contains a Technical Discussions Section (A200) for tutorial information. We have also
tried to make the document easy to use and to read. We have deliberately avoided the very difficult and awkward
numbering system found in most standards documents (a system for which 3.9 < 3.10 and where the strings of
numbers and periods can reach annoying lengths and be hard to remember). The numbering system used is
designed to be easy to remember and follow as you move through the document. Each measurement is complete
and self contained. People who are making these measurements are not interested in the frustration of thumbing
back-and-forth through many pages to find out what is needed. To simplify the procedure sections and to make
them easy to read for the experienced user, much of the explanatory information has migrated to the appendix—
either to the Metrology or Technical Sections. We have used icons to remind the user quickly of commonly
repeated setup conditions (found in 301 Setup of Display and Equipment). Icons are also used as section dividers to
provide a graphical environment for finding one’s way around the document. Measurement procedures that are
part of the Suite of Basic Measurements are marked with an “SBM” icon for quick reference (see below in Section
200).

Usually, each procedure is divided into several sections: The name of the measurement heads the page
followed by any aternate names where applicable, a DESCRIPTION section briefly identifies the measurement,
the units and any symbols used, and sometimes a definition or explanation. The SETUP section details any
conditions peculiar to the measurement and icons are used to remind the user of general setup conditions. The
PROCEDURE section describes the steps to be taken. An ANALY SIS section describes any calculations or
processing of the data that may be needed. The REPORTING section shows how the data might be reported on a
report sheet. Finally, a COMMENT section discusses any anticipated problems, cautions, or irregularities. In many
cases a means to quantify the uncertainty in the measurement or determination will be found in the comments
section. Often, when a simple luminance measurement is made, for example, the uncertainty in the measurement is
the same as the uncertainty in the instrumentation.

Sample Data, Examples, and Example Configurations: Throughout this document we present sample
data, examples, and apparatus configurations to make the material clear. The values and arrangements shown do
not necessarily represent the best values or even typical values. The apparatus configurations shown are also not
necessarily the best to use, or preferable. We have attempted to allow awide variety of equipment to make
measurements on displays with awide variety of characteristics. Our examples serve for illustration purposes only.
The formats of the reporting examples, etc. are simply guidelines for your reference.

Exceptions and Deviations: With many of the procedures listed here there may be reason to deviate from
the described measurement procedures. If thisis ever the casg, it isimperative that all interested parties
(manufacturer, integrators, and users) agree to any negotiated changes or modifications. For example, the sampled
uniformity measurement calls for measurements at five or optionally nine places on the screen. If al interested
parties agree to 25 points at other locations, then this should be clearly indicated in any reporting documentation.
We have avoided being restrictive and narrow minded. We have attempted to make an adaptable document.
However, please note: To claim that a measurement made on a display is compliant with this document must
include making any departures, deviations, or exceptions very clear to all interested partiesin any reporting
document, reporting method, and advertisement.

Patter ns, Report, and Update Files: Filesto be displayed on the screen, used in reporting, or keeping

this document up-to-date are Files Available to the Public.

available from VESA for www.vesa.or g under directory /pub/FPDM

several uses: setup, SBM, See INDEX.TXT for descriptions of available files,

report form, and al the FPDMSU* * Used for setting up the display.

measurements contained in FPDMSBM * Used for the Suite of Basic Measurements (SBM).

this document. Thesecanbe  "FppMALL * Used for all the measurements contained in this document.

downloaded from FPDMRF.* Report Forms (for SBM and others as available).
FPDMUPDT.PDF | Update on the current version of this document
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www.vesa.or g under directory /pub/FPDM —see the table. The asterisk refers to the file type. We again draw your
attention to the FPDM UPDT .PDF (Adobe’ s Portable Document Format®). It contains all the latest infor mation
regarding the current release of this document. Any errors, omissions, comments, changes, etc. will be placed in
this file so you can be assured of the most recent consensus of those who participate (including users) in the
development of this document.
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302-8 Joe Misdli (P), Mike Grote A220 Mike Brill (P), James
303-1-3, 5, EFK (P), Mike Grote, 500 MECHANICAL Rancourt
Joe Miseli, Osamu Tomita, 501-1 Joe Misdli (P), EFK (P), A222 Mike Brill (P)
Noriyoshi Uenishi Osamu Tomita, Noriyoshi A226 Thierry Leroux (P)
303-4 Joe Misdli (P), Osamu Tomita, Uenishi
Noriyoshi Uenishi, EFK 501-2 Joe Misdli (P), Osamu Tomita, P = a primary author

303-6 Joe Misdli (P), EFK (P), Bruce Noriyoshi Uenishi, Mike Brill,  EFK = Ed Kelley (editor)
Denning, Sal Ghalya EFK

303-7 Mike Grote (P) 502-1, 2 Joe Misdi (P)

304-1-6, 9 EFK (P)

304-7, 8 EFK (P), Mike Grote
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200 REPORTING

SUITE OF BASIC MEASUREMENTS:

There are a number of measurements that seem fundamental—some of the first characteristics people ook
for when they consider displays. This collection of measurementsis called the Suite of Basic Measurements
(SBM). The selected measurements are listed in the table below. Any measurement in the SBM is marked with the
icon at the right. The Suite of Basic Measurements Report Form on the following pages provides atemplate to
record these measurements. This report-form template is available from the VESA world-wide-web
site (www.vesa.org). The name of the files will be FPDMRF.???, where ??? isthe file type. By
supplying this form we do not reguire its use for the purposes of this standard. It is merely an
example and we hope you find it useful. An example of how the form might be filled out follows
the form—this is only an example. Y ou may want to add items to aform or to use your own form. S B M m
In fact, many measurements specified in this document are not a part of the SBM. In most cases we
give examples in the measurement procedure of how the measurement might be reported on an
appropriate form you might create. Associated with the SBM is a computer file (FPDMSBM.?7??
see below) containing the appropriate patterns to be used should the display being measured
interface with a computer or is provided with a computer.

EPORTING

Suite of Basic
Measi Irements.

SUITE OF BASIC MEASUREMENTS REPORT FORM:

On the next two pages is a two-sided template for reporting results that has places for entering al the
information gathered by means of our Suite of Basic Measurements. The Suite of Basic Measurement Report Sheet
has two sides. The header information is provided also on the second page. If the report sheet is made with both
pages on asingle sheet, it may not be necessary to fill out the header information, depending upon how the sheet is
used. If the sheet will ever have single sided copies made of its content, then the header information should be
filled out on both pages so that the DUT (display under test), at the very least, is properly identified along with its
data. The shaded regions of the form are either optional or non-measured values. The following procedures are
included:

SUITE OF BASIC MEASUREMENTS (not in order)

Procedure Section Page | Procedure Section Page
Setup 301 19 Response Time 305-1 84
Full-Screen Center Meas. 302 39 Uniformity (Sampled) 306 95
FS White 302-1 40 White | 306-1 98

FS Black 302-2 41 Black | 306-2 100

FS Contrast Ratio | 302-3 42 Contrast Ratio |  306-3 101

FS Gamut and Colors | 302-4 43 Anomalous Nonuniformity (optional) | 306-4 104
FSGray Scde | 302-5 44 Power Consumption 401-1 135

Shadowing 303-4 59 Frontal L uminance Efficiency 402-1 142
Viewing Angle 307-1 106 | Checkerboard Contrast (optiona) 304-9 81

Ambient Contrast 308-2 109

PATTERNS FOR THE SUITE OF BASIC MEASUREMENTS:

The appropriate patterns for the Suite of Basic Measurements can be obtained from the VESA world-
wide-web site at address www.vesa.org. Download the appropriate file with name FPDM SBM.??? where ??? is the
file type: “PPT” for Microsoft’s PowerPoint® used on a PC (personal computer), “PDF” for Adobe's Portable
Document Format® where Adobe’ s reader is also available from the web site (www.adobe.com) for any platform,
etc. The general characteristics of these files and examples are described in the Metrology Section under Images
and Patterns for Procedures (A112). Further discussion of their use will be found in that section. These files can
also be obtained directly using FTP (file transfer protocol) from ftp.vesa.org with anonymous logon within the
/pub/fpdm directory.
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‘Where Applicable

DIRECT-VIEW FPD DATA RECORD — SUITE OF BASIC MEASUREMENTS

DISPLAY INFO: Manufacturer: Model No: Serial No: Rev. Leve:

DESCRIPTION: Diagona Size: Pixels: (hor) (ver) Technology: Configuration:

PITCH: Horizonta: Pixel: Subpixel (Dot): Other: M easurement Direction:
Vertical: Pixel: Subpixel (Dot): Other: Location of Center Meas.:
COLORS: Bitg/color: Color hits: Gray Levels_ Total Colors: Signal Source: Power Source:
SIZE: Active Area: (hor) (ver) LMD: Make Model Serial No Distance AFOV
OVERALL: Dimensions: (hor) (ver) Depth: Mass (weight): _ Design Viewing Direction:
Test Person: Date: Warm-Up Time: min Temperature. __ °C Run: Page 1/2
Full-Screen Center (302-1...4) | Uniformity: Nonuniformity = 100% x [1-(Min/Max)] or bu’v” (306-1,2,3,6) Power Consumption (401-1) Frontal Lum. Eff. (402-1)
L cd/m? X y 9pt|5pt] L Lp C, Xw Yw Uw *| Vw *| CCT Supply Volts I(A) (W) | Pattern: | White Full Screen
White 111 High Voltage \/ de/ac(rms)
Black 2 Pandl Current Adc/ac(rms)
Cr No UnitsforCr | 3 | 2 Low Power, P Wac/ac(rms)
Red 4 High Lw cd/im?
Green 513 Inverter e=Ly/P cd/m?w
Blue 6 Low Checkerboard Con. (304-9)
Full-Screen Gray Scale (302-5) 714 High Pattern n” m ‘ ’
Level |L cdm?| Opt-16 | L cdim?| 8 Other L | | Lo |
Wht-7 Wht-15 9]s Low cc |
6 14 Ave. Max Pattern Used: ~ High Response Time (305-1)
5 13 Min. DUV’ TOTAL Blk-Wht ms
4 12 Max. - Low Wht-BIk ms
3 11 Nonunif. Ambient Contrast (308-2) Total ms
2 10 An. Low White Law Lw Lb L'w L'y
1 An. High Black Lag Law Lab L rsd
Blck-0 An. Non. Anomalous bu'v’ Ca | E | E
Gamma Viewing Angle |(307-1or 2) White Black Red Green Blue
Shad.=100%|Lsox-Likgl/Lig (303-4) | Direct'n| Angle Lw X yw [CCT(K)| Lp Xp Yo | Cr | Lred | Xred | Yred | Lgn | Xgm | Yom | Low | Xbu | Youu
Box at (A-E) Lum. (cd/m® | Upau
Box (0-7) Lbox Dwn gp
Bkgnd. (0-7) Lokg Right qr
Shadowing % | Left q
Comments: U = 4x/(3+12y-2x)
V' = 9y/(3+12y-2X)

VESA — SUITE OF BASIC MEASUREMENTS




DIRECT-VIEW FPD DATA RECORD — SUITE OF BASIC MEASUREMENTS

pplicable

|

DISPLAY INFO: Manufacturer: Model No: Serial No: Rev. Leve: @%
DESCRIPTION: Diagona Size: Pixels: (hor) (ver) Technology: Configuration: @%@
PITCH: Horizonta: Pixel: Subpixel (Dot): Other: M easurement Direction: R

Vertical: Pixel: Subpixel (Dot): Other: Location of Center Meas.: @J{
COLORS: Bitg/color: Color hits: Gray Levels: Total Colors: Signal Source: Power Source: @
SIZE: Active Area: (hor) (ver) LMD: Make Model Serial No Distance AFOV
OVERALL: Dimensions: (hor) - (ver) Depth: Mass (weight): Design Viewing Direction: @ |
Test Person: Date: Warm-Up Time: min Temperature: ___ °C Run: Page 2/2
Comments:

VESA — SUITE OF BASIC MEASUREMENTS




DIRECT-VIEW FPD DATA RECORD—SUITE OF BASIC MEASUREMENTS — SAMPLE DATA

pplicable

DISPLAY INFO: Manufacturer: _ Whatever Co Model No: B119 Serial No: 123456 Rev. Level: __ A v [@v 4 ﬂg
DESCRIPTION: Diagonal Size: _ 12.1 (307 mm) Pixels: 1204 (hor) - _768 (ver) Technology: AM-TFT-LCD Configuration: Laptop [ i
PITCH: Horizontal: Pixel: 240.lum/px  Subpixel (Dot): DPI=105.8 Other: Measurement Direction: Perpendicular ‘/:5 ‘/aia
Ver;ical Pixel: 240.1um /px : Subpixel (Dot): Other: Location _of Center Meas.: Center \/(% (e
COLORS: Bits/color: 6R,66,6B Color bits: 18 Gray Levels: 64 Total Colors: 262 144 Signal Source: _internal  Power Source: _internal
SIZE: Active Area: 245.9 mm__(hor) * 184.4 mm (ver) LMD: Make_Wower Optics Model _123 Serial No 12345 _Dis_tance; 500 mm AFOV__ 2° \/ \/@
OVERALL: Dimensions: 295mm_(hor) © _220 mm __ (ver) Depth: _12.2 mm Mass (weight): _0.621 kg  Design Viewing Direction:Perpendicular 12 o clock =
Test Person: Al ert Date: 8/24/91 Warm-Up Time: _22 min Temperature: 2.2 °C Run:__1 Page %2 V@ \/li
Full-Screen Center (302-1...4) Uniformity: Nonuniformity = 100% x [1-(Min/Max)] or bu’v’ (306-1...4) Power Consumption (401-1) Frontal Lum. Eff. (402-1)
L cd/m? X y 9pt|5pt] L Lp C, Xw Yw Uw *| Vw * CCT Supply Volts 1(A) (W) | Pattern: | White Full Screen
White | 96.2 0217 | 0.285 | 1 [ 1| 109 1.02 107 | 0.250 | 0.650 | 0.097 | 0.568 6838 High 5.50 0.523 2.88 | Voltage [5.00, 12.0 |V dc/ac(rms)
Black 0.411 0.247 0.242 2 Panel 5.00 0.507 2.54 Current |.425,.603 |Adc/ac(rms)
Cr 234 No UnitsforCr | 3 | 2 | 87.8 | 0.91 | 96.5 | 0.235 | 0.690 | 0.087 | 0.574 | 6968 Low .450 0.467 210 |Power, P| 9.36 [Wddac(ms)
Red 28.9 0.594 0.319 4 High 125 0.628 7.85 Lw 97.8 cd/m?
Green 48.1 0.299 | 0606 | 5| 3 15 1.05 110 0.250 | 0.700 | 0.092 | 0.578 6700 |Inverter 12.0 0.602 722 |e=Lu/P| 105 cd/m’W
Blue 19.3 0.145 | 0.068 | 6 Low 1.5 0.57 6.57 | Checkerboard Con. (304-9)
Full-Screen Gray Scale (302-5) | 7 | 4 | 75.0 | 2.5 | 34.9 | 0.262 | 0.765 | 0.090 | 0.591 | 6396 High Pattern ' m 6" 6
Level |L cd/m?| Opt-16 | L cdim?| 8 Other L | 982 |Ly| 043
Wht-7 106 | Wht-15 95| 973 1.53 63.6 | 0.225 | 0.722 | 0.080 | 0.579 7027 Low Cc 228
6 81.3 14 Ave. 96.8 | 133 | 824 | pMax (0.2, 6786 Pattern Used: ~ High 10.73 Response Time (305-1)
5 55.6 13 Min. 7540 | 0.917] 349 | DUV 0.7) 6396 ingle-Pixel TOTAL 9.76 | Blk-Wht| 17 ms
4 33.6 12 Max. 15 2.15 110 B (0.0; 7027 Checker oard Low 8.67 | wht-BIk| 23 ms
3 17.4 11 Nonunif. | 35 58 68 |0.024 | 05) 8.9 Ambient Contrast (308-2) Tota| 40 ms
2 7.14 10 An.Low | 125 White Law Lw Lb L'w L
1 1.68 9 An. High| 55.3 Black Las Law Lab Lsq I sd
Blck-0 | 0.084 An.Non.| 56 Anomalous bu'v Ca | e | E
Gamma | 2.17 Viewing Angle |(307-1or 2) White Black Red Green Blue
Shad.=100%|Lsox-Likgl/Lig (303-4) | Direct'n| Angle Lw X Vo [CCT(K)| Lp Xp Yo | Cr | Lred | Xred | Yred | Lgn | Xgm | Yom | Low | Xbu | Youu
Boxat (A-E)| ¢ [ Lum. (cdm?) | Upau | 15° | 85.6 | 0.298 | 0.322 159 |0.271(0.292( 52.9 | 25.9 | 0.521|0.350 | 50.2 | 0.296 | 0.521 | 16.1 | 0.157 | 0.140
Box (0-7)( © Lbox 95.0 | Dwnago | 10° n 0.322 | 0.348 3.79 |0.269(0.285| 29.2 | 35.4 |0.520(0.349| 63.5 | 0.305| 0.518 | 20.3 | 0.166 | 0.165
Bkgnd. (0-7) 7 Lokg 103 | Rightor| 30° 39.4 0.323 | 0.346 0.553 (0.2680.290| 71.2 | 12.1 |0.550|0.354 | 22.5 | 0.307 | 0.541 | 6.23 | 0.158 | 0.150
Shadowing % | 7.8 Lefta. | 30° 39.9 0.323 | 0.345 0.609 [0.270 | 0.297 | 65.4 | 12.3 [0.548|0.353 | 22.7 | 0.306 | 0.540 | 6.34 | 0.158 | 0.150
Comments:  During warm-up it was noted that the displa looks mottled , it is not ver uni orm to the e e, ut it is pro a | small enough to escape the measurements o uni ormit . U = 4x/(3+12y-2x)
Anomalous nonuni ormit ot spot in upper le t uadrant, dark spot in lower le t uadrant. V' = 9y/(3+12y-2x)

page 8 VESA — SUITE OF BASIC MEASUREMENTS — SAMPLE DATA




DIRECT-VIEW FPD DATA RECORD—SUITE OF BASIC MEASUREMENTS — SAMPLE DATA

‘Where Applicable

DISPLAY INFO: Manufacturer: _ Whatever Co Model No: B119 Serial No: 123456 Rev.Level: __ A ‘/@: v ﬂ?

DESCRIPTION: Diagonal Size: _ 12.1 (307 mm) Pixels: 1204 (hor) ~ _768 (ver) Technology: AM-TFT-LCD Configuration: Laptop

PITCH: Horizontal: Pixel: 240.lum/px _ Subpixel (Dot): DPI=105.8 Other: Measurement Direction: Perpendicular Vi v ‘%%%’3
Vertical Pixel: 240.tum /px  Subpixel (Dot): Other: Location of Center Meas.: Center \/’*‘* V4 -

COLORS: Bits/color: 6R,66,6B Color bits: 18 Gray Levels: 64 Total Colors: 262 144 Signal Source: _internal  Power Source: _internal % %

SIZE: Active Area: 245.9 mm_(hor) * 184.4 mm (ver) LMD: Make_Wower Optics Model__ 123 Serial No_12345  Distance 500 mm  AFOV__2° \/ \/@

OVERALL: Dimensions: 295mm__(hor) © _220 mm __ (ver) Depth: _12.2 mm Mass (weight): _0.621 kg  Design Viewing Direction:Perpendicular 12 o clock

Test Person: ___ Al ert Date: 8/24/91 Warm-Up Time: _22° min Temperature: 2.2 °C Run:__1 Page 2/2 /@ v T

Comments: The luminance was ver low on the initial turn on. It uickl got righter, however. It was irritating or a outonl 15 .

OT  While displa ing a alternating pixel checker oard, there were thin hori ontal lines moving down the screen, notuni orml , ut somewhat randoml with a little noise. Persists a ter warm-up.

ome smears appear ehind the ront glass, possi | on the pixel sur ace, most visi le with a lack screen.

Pixel de ects One su pixel (green) stuck on (lower right uadrant), that s all.

u pixel arrangement red vertical su pixel side  side with larger green su pixel, oth overa hori ontal lue su pixel.

ote Maximum contrast o 3221 o tained at 4° down angle rom perpendicular.

page 9 VESA — SUITE OF BASIC MEASUREMENTS — SAMPLE DATA
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300 OPTICAL MEASUREMENTS —
PHOTOMETRY AND COLORIMETRY

300-1 GENERAL REMARKS

A number of general statements need to be made to
provide the proper orientation for the users of this document. We
have specified several items that may distinguish this document
from others.

NOTE: The word “screen” is used throughout this
document to mean the active visible area that produces video
information—often called the viewable area of the screen or
display. The diagonal of the screen refers only to the diagonal
measure of the viewable area of the screen, assumed to be
rectangular. The term “diagonal” must only refer to parts of the surface of the display that contain image-
producing elements such as active pixels for a pixelated display. The diagonal may not include any pixels (or
imaging-producing regions) covered by abezel, mask, or surrounding border not involved in producing video
information.

Exceptions and Deviations. Any deviations from the procedures stated in this document must be clearly
stated in any reporting document. Many displays may be designed for wide-angle viewing. However, there may be
speciaty displays constructed for a particular task. For example, some displays may be designed only for
perpendicular (normal) viewing, and hence would need only perpendicular measurements. Some displays are
designed for viewing from a direction other than perpendicular. Displays may also be designed for viewing from a
specific viewing point a certain distance from the display surface. Usually the measurement method can be readily
adapted to accommodate such a display. However, we require that any change in procedure be clearly stated in any
reporting documentation and that all involved negotiating parties agree with the changes and how they are
reported.

Setup of Display: We call your attention to the setup section: Display Setup and Initial Testing (301-3).
How the DUT (display under test) is configured can be very important. Once the DUT has been properly
configured to accommodate the task for which it was designed or the task for which it is being used, the controls
should not be changed for al the rest of the measurements. This avoids the problem of optimizing the controlsin a
way in which the display would not be used in order to improve the results of each measurement. Note: If you are
interested in making measurements for which the display must be turned off or controls changed, then it is
advisable to make those measurements before you make the final setting of the controls. Alternatively, perform
these measurements as the last to be made. This includes 302-8 Luminance Adjustment Range and the reflection
measurements in 308. The goal of the setup is to measure the DUT as it will be used. If the manufacturer doesn’t
specify how the DUT should be configured, there are images and targets available from VESA that will assist in
the adjustment of the controls for the intended use (see 301-3afor a detailed description of their use and A111 for
their construction and content). During the warm up of the DUT prescribed in the setup section (301-3) a number
of subjective visual observations can be made and recorded.

Similar Measurements. The center measurements of full screen and of a centered box employ the same
setup conditions (sections 303 and 304). Once you have setup the DUT, equipment, and positioned the DUT for
center measurements, you can proceed with a number of other full-screen or box center measurements directly.
Knowing this may save alittle time so that you don't have to read each section in its entirety thinking that some
detail may be hidden in the text, except for the color of the screen (white, black, colors) or the size of the area
displayed (full screen or abox) the arrangement of equipment is the same. The viewpoint of this document has
been that each measurement be separate and complete in itself. This can lead to some unavoidable redundancy in
the measurement procedures.

11
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300

Full Screen Contrast: Some will note that we call for the full-screen contrast ratio in this document as
representing the contrast capabilities of the DUT. For some display types (e.g. projection displays) thisis not the
best choice to characterize contrast. Some object to the use of full-screen contrast because the DUT is not being
measured under conditions of normal use. The argument is that a small black square on a white screen or a black
letter on awhite screen is a much better indicator of screen contrast. We are willing to grant that such a claim may
be accurate from an ergonomic point of view especially for cases where there are large white areas (or equivalent)
on the screen. However, our observations are that many people have trouble accurately measuring black
luminances when there are nearby white areas present on the screen unless due care is taken. See the Metrology
Section under Veiling Glare and Lens-Flare Errors (A101). We have opted to provide a measurement that is simple
and reproducible by using full-screen white and black to determine the overall contrast ratio. Other contrast
measurement methods are described, and can always be employed as well provided they are properly identified.
There may be displays that appear to have infinite contrast. This case is very rareif proper setup conditions are
employed or if the light-measuring device (LMD) has sufficient sensitivity, see 301-3a Adjustment of Display
Controls for more information. Again, the attention to full-screen contrast is focused at direct-view displays at this
time.

We acknowledge that contrast may not be the best metric to use, but it is traditional and deeply ingrained
in the display community. A metric something like the cube root of the contrast ratio would perhaps be more
indicative of how the eye appreciates contrast—a ratio of L* values (see A201, Photometry and Colorimetry
Summary). Any appropriate contrast metric may be employed in addition, provided it is agreeable to all interested
parties and is clearly indicated in any reporting documentation.

Single M easurement: Some will object to the absence of multiple measurements of each quantity where
many feel that the mean and standard deviation of several measurements should be reported. Our thinking on this
is described in the Metrology Section under Adequacy of Single Measurements (A105), and a verification criterion
is described in Luminance Measurement Repeatability (301-2k). Briefly, photometry and colorimetry are sciences
for which the repeatability of the measurement usually is much smaller than the uncertainty of measurement.
Single measurements are adequate if they are verified as having a repeatability that is small compared to the
uncertainty of measurement. Each measurement system and each DUT should be tested to assure that single
measurements are, indeed, adequate (using 301-2k—L uminance Measurement Repeatability).

Notation: In this document we use the 1931 CIE (x, y) chromaticity coordinates since they are very
commonly used elsewhere. If you prefer some other chromaticity coordinate system, feel free to use whatever
system you want. We especialy recommend the (u”, v') 1976 CIE chromaticity coordinates since the color spaceis
more uniform relative to the eye’'s sensitivity to color. In this document we use photometric symbols: F, I, L, E, M
for luminous flux, luminous intensity, luminance, illuminance, and luminous exitance, respectively. We use L for
luminance and not the CIE tristimulus value Y. Please don’t confuse our symbol for luminance L with any CIE
measures for lightness (such as L*). Please note that the position coordinates (X, y, 2) are written in fonts with
serifs, whereas the chromaticity coordinates (x, y, z) and all other CIE variablesL*, X, Y, Z, u, v, u’, V', etc. are
written sans-serif.

12 D\.‘!( 300 OPTICAL — page 12



300-2 COORDINATES AND VIEWING ANGLES

Cartesian Coordinates and Initial Alignment Conditions: This
document adopts right-handed x-y-z Cartesian coordinates with origin at the
center of the screen. The z-axis is perpendicular (normal) to the screen, the
x-axisisthe screen horizontal, and the y-axis is the screen vertical. The x
and y- axes lie in the plane of the display surface. We define the non-primed
Cartesian system (X, Y, 2) as being attached to the display and the primed
Cartesian system (X', y', Z') as being fixed in the laboratory. Figure 1 shows
the laboratory coordinates aligned with the display coordinates. Thisis
called the standard initial alignment. Standard initial alignment between
the display coordinates and the laboratory coordinates are when the Z-axis
is aligned with the z-axis of the display and the centers of both coordinate
systems coincide at the center of the display surface. In the figures that
follow, the laboratory system will be shown as separated from the display
under test (DUT). Thisis done to reduce the complexity of the figures. It is
to be understood that, in practice, the centers of the coordinate systems
coincide. The center of the coordinate systemsis at the intersection of the
X-y-Z axes

Fig. 1. Display coordinates
(unprimed) and laboratory
coordinates (primed).

Spherical Coordinates: Associated with this Cartesian system is the spherical coordinate system (r, g, f),
wherer isthe radius from the center of the display coordinate system, q is the inclination from the z-axis (display
normal, the polar axis of the spherical coordinate system), and f is the counter-clockwise angle from the x-axisin
the x-y- plane (the display surface) as observed from the z-axis (f is aright handed rotation about the z-axis starting
at the x-axis)—see Fig. 2. We represent the position of the observer or light-measuring device (LMD) with a
spherical featureless eye. The laboratory coordinates are shown attached to the eye. Again, although the laboratory
coordinates are drawn separated from the center, it is understood that the centers coincide at the display center.

LMD or View
from Eye

VIEWING-ANGLE COORDINATES

_ _ _ Fig. 3. Horizontal and vertical
Fig. 2. herical coordinates. viewing angles used in this
document.

300 OPTICAL — page 13
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Viewing Angles. We define the horizontal g, and vertical gy viewing angles as the inclination angles of
the viewing direction resolved into components in the horizontal z-x plane and vertical z-y plane respectively.
Figure 3 shows that the viewing angles resolve the viewing direction into two orthogonal angles measured from the
z-axis. Note also the rotation of the laboratory coordinates (attached to our eye) with the display coordinates.

Thisisthe most natural coordinate system for viewing angles. It is the one we are thinking about when we
look at displays from various angles. These are not same as the angles associated with goniometric systemsin
common use today. In the following, we present examples of goniometric coordinate systems commonly used and
provide useful transformations for your reference.

Goniometric Configurations: The goniometer is an apparatus that rotates the object under study relative
to the measuring device where some point relative to the object (the center of the screen, for example) remains
fixed in space (the axes of rotation go through the same point). This can be accomplished by rotating the LMD
about the DUT, or conversely, by rotating the DUT while the LMD stays fixed. When the goniometer has two
orthogonal rotational axes, one axis rotates with arotation of the other axis. (A mirror gimbal mount is an
example.) The axis that remains fixed is the independent axis. The axis that rotates about the independent axisis
the dependent axis. There are two very common goniometer configurations that we describe below: north polar and
east polar. The configurations shown tilt the display. Such systems assume that the direction of gravity and the
direction of the earth’s magnetic field have no effect on the display performance. These are by no means the only
goniometric configurations that are possible. The equations shown in the following relate the viewing-angle
coordinates (Fig. 3), the north-polar (Fig. 4), and the east-polar (Fig. 5) goniometric coordinate systems to the
Cartesian (Fig. 1) and the spherical (Fig. 2) coordinate systems. These equations do not necessarily apply in all
goniometric configurations.

North Polar Goniometric Coordinates, Independent AxisHorizontal: In this case, the independent
axis of the goniometer is horizontal and the orthogonal (dependent) axis is rotated about the horizontal axisin a
vertical plane. Figure 4 shows the goniometer aligned with the laboratory axes. Note the hemisphere on the surface
of the display. The circular arcs on that sphere are traced out by the stationary Z'-axis of the laboratory frame of
reference as the display is rotated about the goniometer axes. Figure 5 shows an arbitrary viewing angle resolved
into a horizontal rotation ny about the y-axis (a right-handed rotation about the vertical y-axis) and a vertical
rotation ny about a horizontal axisin the x- z plane toward the y-axis. It is important to recognize that the
rotational coordinates we are using here are defined relative to the coordinate axes attached to the screen. If we
were to illustrate the display orientation indicated in Fig. 5 using the goniometer in Fig. 4, the display (its normal)
would be pictured as being rotated to the left and then down. The angles ny and ny appear as opposite rotationsin

GONIOMETRIC NORTH POLAR y Y

7 X o N
NH
Fig. 4. North polar goniometer with independent axis Fig. 5. North polar goniometric coordinates
horizontal. relative to the surface of the display.
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GONIOMETRIC EAST POLAR

Fig. 6. East polar goniometer with independent axis

vertical.

Fig. 7. East polar goniometric coordinates
relative to the surface of the display.

Fig. 4 than the rotations pictured in Fig. 5. Thisis because we are looking at the rotations from the viewpoint of

the display in Fig. 5 and the laboratory in Fig. 4.

East Polar Goniometric Coordinates, | ndependent Axis Vertical: In this case, the independent axis of
the goniometer is vertical and the orthogonal (dependent) axis is rotated about the vertical axis in a horizontal
plane. Figure 6 shows the goniometer aligned with the laboratory axes. The circular arcs on the hemisphere on the
display surface are traced out by the stationary Z-axis in the laboratory frame of reference as the display is rotated
about the goniometer axes. Figure 7 shows an arbitrary viewing angle resolved into a horizontal rotation about the
y-axis ey (aright-handed rotation about the vertical y-axis) and a vertical rotation about the x-axise, (aleft-
handed rotation about the x- axis). Again, these coordinates are referenced to the screen coordinate system. The

display orientation shown in Fig. 7 using the
goniometer in Fig. 6 would show the display (its
normal) rotated to the left and then down. The
angles ny and ny appear as opposite rotationsin

Fig. 6 and 7, because we are looking at the rotations
from the viewpoint of the display in Fig. 7 and the
laboratory in Fig. 6.

In efforts to make it clear that the three
coordinate systems are not the same, note Fig. 8
where we indicate the same viewing direction in the
three horizontal-vertical coordinate systems
described above: the horizontal-vertical viewing
angle coordinates, the north-polar coordinates, and
the east-polar coordinates. The horizontal viewing
angle is the same as the north-polar horizontal
rotation angle, and the vertical viewing angleisthe
same as the east-polar vertical rotation angle:

aH i Ny )
Qv =¢ey.
The equations expressing the relationships between

these coordinate systems and with the spherical
coordinate system can be derived by resolving into
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Fig. 8. A viewing direction resolved into the three
horizontal-vertical angular coordinate systems.

]

300



300

Cartesian coordinates an arbitrary vector expressed in terms of these display coordinate systems, then requiring
that the respective x, y, zcomponents be equal. Table 1 shows all the coordinate transformations for the five
coordinate systems used. The more useful ones are highlighted with a thick-lined box. We recommend that
spherical coordinates (Fig. 2) be used in the final reporting, or at least the viewing angle coordinates be used
(Fig. 3) to avoid confusion.

300-3 VARIABLES USED IN THIS DOCUMENTS
In Table 2 we list most of the variables used in this document for your reference. Thistable also appears at
the back of the document in A500.

300-4 MEASURES OF CONTRAST IN THIS DOCUMENT

There are a number of measures of contrast contained in this document. We list them here for your
reference. The star denotes that the measurement is included in the Suite of Basic Measurements. Contrast may not
be the best metric to use to judge the black-white capabilities of a display, particularly when the contrasts are very
high. Indeed, the ratio of L*, and L*, (see A201 and A209) would seem to be a better contrast metric. In any case,
aslong as al interested parties agree to any other metric used, then the measurement of white and black are
detailed so any appropriate contrast metric may be employed. However, because of its historical and traditional use,
we suggest that the full-screen white-black luminance ratio as the contrast metric for comparison purposes for
direct-view displays until amore suitable metric becomes common in practice.

302-3* CONTRAST RATIO OF FULL SCREEN

303-1 LINE CONTRAST RATIO

303-2 NN GRILLE CONTRAST RATIO

303-5 INTRACHARACTER CONTRAST RATIO (M"N' Q GRILLE CONTRAST RATIO)

304-1 LUMINANCE AND CONTRAST RATIO OF CENTERED BOX

304-2 CENTERED BOX ON-OFF CONTRAST RATIO

304-3 TRANSVERSE CONTRAST RATIO OF BOX

304-9 CHECKERBOARD CONTRAST RATIO (N M)

306-3 SAMPLED UNIFORMITY OF CONTRAST RATIO

308-2* AMBIENT CONTRAST RATIO

NOTE: The full-screen contrast ratio is the contrast metric that is aways assumed
unless specified otherwise for direct-view display technologies (not necessarily
projection systems or any display that places a lens between the pixel surface and
the viewed image—head-mount, head-up, etc.). Any other contrast metric must be
properly identified explicitly if it is not this full-screen contrast ratio. We strongly
suggest the above Cr in any characterization of direct-view displays. If anon-
perpendicular viewing angle is used it must be reported with the contrast value.

For example, if someone simply says that the contrast of their display is such-and-such, it
must be referring to the full-screen Cg above. If abox contrast is used then it must be stated “the
box contrast is...,” similarly for a4 -~ 4 checkerboard contrast, “the 4~ 4 checkerboard contrast
is....” In any case we strongly suggest that the above Cr always be reported.

If aviewing angle is employed such as 4° up vertically and Cr = 400 whereas Cr = 250 for
the perpendicular we report as “ The viewing contrast at 4° vertically up from perpendicular is
400:1,” or “400:1 at 4° up.” If the contrast at perpendicular is also included, state it clearly: “The
contrast at the perpendicular is 250:1,” or “250:1 at 0°.”
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Table 1a. Coordinate transfor mations.

asing ° arcsing® sin'q, acosq ® arccosg© cos’q, atang © arctang © tan™q, O£ q £ p/2

=®

Horizontal and Vertical
Viewing Angle

gH, qv = Hor., Ver.

North Polar

ny, ny = Hor., Ver.
(Independent Axis Vertical)

East Polar

ey, ev = Hor., Ver.
(Independent Axis Horizontal)

Cartesian (Fig. 1)
X\ Z

X = I Sing Cosf

y = rsing sinf
Z=1rCosq
Useq,f asbelow.

X =rSinny cosny
y=rsinny,

X =rSiney
y = rcosey Siney,
Z= rCOSeH COSeV

g = atan\/taanH + tanzqv

Spherical (Fig. 2) q = acos(cosn, cosn ) q = acos(cose,, cose,)
q, f f = atan(tanq /tanq ) f = atan(tam,, /sim ) f = atan(siney /taney,)
H&V Viewing - = atan(tane, / cos
Angle (Fig. 3) 1 AH =T H (taney, /cosey )
qv=atan(tal'an/COS1H) qV:eV
gH, gv
NC(JE_ZP;))Iar Ny =qy L ny = atan(tane,, /cose,, )
ig. _ _
. Ny ny = atan(tanq cosqy) ny = asin(cosey Siney, )
E(aétgP('):_:)ar e = atan(tanq , cosq, ) ey = asin(cosn sinn ;) .
ig.
eH’a/ eV:qV eV :atan(tannv/COS\H)
Table 1b. Coordinate transformations.
Cartesian herical
— Spheric
= ® Xl y, Y4 f
r=ﬂx2+y2+z2 Q,
. ' X = r sing cosf
Cartesian (Fig. 1) . .
1 y = rsing sinf
X,V, Z
Z=rcosq
Spherica (Fig. 2) q = acos(z/r) L
q, f f = atan(y/x)
H&V \2[':?”'25)3 Angle ay = atan(x/ z) ay = atan(tanq cosf )
g qy = atan(y/ z) qy = atan(tanq sinf )
gH, gv
North Polar (Fig. 4) ny = atan(x/z) ny = atan(tanq cosf )
Ny, Ny ny = asin(y/r) ny = asin(sing sinf )
East Polar (Fig. 5) ey = asin(x/r) ey = asin(sing cosf )
eq, ey ey = atan(y/z) ey = atan(tanq sinf )

You think you're

confused! It took us

weeks to get this
worked out!
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Table2. VariablesUsed in This Document

Abbreviations: LMD = light measuring device; FOV = field of view; AFOV = angular FOV;
subpixel subscript i = red, blu, grn, for example; subscript j = bit or voltage level;
BRDF = bidirectional reflectance distribution function; CCD = charge coupled device

Please Note: Throughout this document the screen or display surface refersto the visible pixel surface, only those pixels that contribute to the
display of information. Any pixels behind a bezel are not included, neither isany border around the infor mation-displaying surface included.
The diagonal D is the measure of the diagonal of the viewable, information-displaying rectangular surface.

Symbol |Description Symbol |Description
a aspect ratio (a = H/V) Nr  [total number of pixels (Nr = Ny~ Ny)
a small area, or small area of the screen Ny |number of pixelsin the vertical dimensions
A area P |3.141592653... = 4arctan(1)
B BRDF P |sguare pixel pitch (distance per pixel),
power in watts (W), pressure
C contrast (Cg = contrast ratio, Py |horizontal pixel pitch
Cn= Michelson contragt, etc.)
D diagonal measure of viewable display , Py, |vertical pixel pitch
density
da diameter of small area, target, or FOV Q |Cluster defect dispersion quality (1/cluster density)
ny, ny  |North-polar and east-polar goniometer R |refresh rate, radius
eq, ey |angles
h luminous efficiency r,r, |radius, radius of round small area on the screen
e frontal luminance efficiency S, S |subpixel areas, small areas, distances
E illuminance (Ix = Im/m?) S |surface areas; signal level, or signal counts (as
with using a CCD); also square pixel spatial
frequency (pixels per unit distance, S= 1/P)
fractional fill-factor threshold luminance S |horizontal pixel spatial frequency
a fractional (or percent) area of the screen S, |vertical pixel spatia frequency
for small areg, target, or FOV
F luminous flux (Im) a.f |spherica coordinates (see 300)
H horizontal size of the screen. g+, qv |horizontal, vertical viewing angles
g9 gamma exponent in nonlinear fit (302-5) g= |AFQV of LMD
I luminous intensity (cd = Im/sr) Tc |correlated color temperature
k detector conversion A/lm V,V, |vertical screen size, voltage, gray-scale levels
Ki peak luminances of pixel subpixels W |weight
I Wavelength w,w | Solid angle
L luminance (cd/m?) X, Y, Z |Cartesian right-handed coordinate system with z
perpendicular to the screen, x horizontal, y vertical
L* Lightness metricin CIELUV and CIELAB | u’, v" |1976 CIE chromaticity coordinates
color spaces (see A201)
m mass u,v 1960 CIE chromaticity coordinates (for CCT
determinations)
M luminous exitance (Ix = Im/m2) X, Y, Z |1931 CIE chromaticity coordinates
N, number of pixels covered by asmall areaa | X, Y, Z|1931 CIE tristimulus values
I\ number of pixelsin horizontal dimension | X,y,z |1931 CIE color matching functions

> B
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301 SETUP OF DISPLAY AND EQUIPMENT g%ﬁ

301 SETUP OF DISPLAY AND EQUIPMENT

The way the DUT (display under test) and its measurement equipment are set up is
every bit asimportant as the measurements made on the DUT. The icons in the table below
represent the setup conditions. These icons are fully explained in detail in section 301-2.
There are three major divisions of this section: O~

301-1 MEASUREMENT EQUIPMENT \]2 ﬁ)

What measurement equipment is needed? The accuracy and precision required?

301-2 MEASUREMENT AND DISPLAY CONDITIONS

Hereis a specification for setup conditions that are required to ensure replication of measurements from

facility to facility. Setup icons in each measurement procedure economize space and can identify

deviations in setup conditions quickly. A method for testing measurement uncertainty is specified.
301-3 DISPLAY SETUP AND INITIAL TESTING

The way toinitialy adjust the DUT for the conditions under which it will be used is described. Various

visual inspections are outlined which can be made during warm up.

/

SUMMARY OF SETUP CONDITIONS

Electrical conditions identified Perpendicular viewing direction
_| and documented. (or otherwise specified) with
+ uncertainty goal of £0.3°.

Exceptions must be reported.

@ @ Environmental conditions: L N o )
AT A 2000 iSOC y‘ ] :: SUffICI ent number Of pIXQIS

86 kPa.- 106 kPa M | | measured: 500 px is default

v (25 inHg — 31 inHg) . Exceptions must be verified and
o @< 195 9% - 85 % RH (non condensing) N |reported

??????%é? Warm-up time: 20 min nominally
(or sufficient). Exceptions must be
verified and reported.

Measuring aperture of 2° (infinite
focus) or less. Subtense of lens no
greater than 2°. Exceptions must
be verified and reported.

Controls unchanged, once set, Center screen measurement (or

leave them alone. %|é otherwise specified) with
placement uncertainty of £3% of
the screen diagonal .

Darkroom conditions: 1 Ix or less. Adequate integration time for
stable measurement.

300 OPTICAL — page 19 D\p ' 19
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301-1 MEASUREMENT EQUIPMENT A\

4\
LIGHT MEASUREMENT DEVICE (LMD): SBM

For a general discussion of the use of a suitable LMD, the kinds of measuring devices available, and more
details concerning the field of view, etc., see the Metrology sections in the appendix: Light Measurement Devices
(A103) aso Spatial Invariance and Integration Times (A102). For a discussion of measurement uncertainties, see a
discussion of the propagation of errors and uncertainty estimation in A108 Uncertainty Evaluations, and for the
correct terminology see A221 Statements of Uncertainty. Any uncertainty values are expressed using an expanded
uncertainty with a coverage factor of k = 2 (a*“two-standard-deviation” or “two-sigma’ estimate)—see A221.

For Luminances. The luminance relative expanded uncertainty of measurement with coverage factor of
two must be u up = £5 % of the luminance or less, and the luminance measurement repeatability must be less than
either a maximum of s, yp = 0.5 % of the luminance or the uncertainty introduced by any digitization (whichever
islarger) over a5-mininterval.

For Color: The expanded uncertainty of the measurement with coverage factor of two of chromaticity
coordinates for tungsten-type CIE illuminant A above 10 cd/m2 must be +0.002 or less.

Field of View for LMD and Subtense Angle of LM D: The angle of the field of view (FOV), field angle,
acceptance angle, or angular FOV (AFOV) of the measurement aperture must be 2° or less for infinity focus.
Further, the angle subtended by the lens of the LMD from the center of the screen must also be 2° or less for
image-producing systems (such as many luminance meters, colorimeters, and spectroradiometers that have alens
and viewfinder). There may be optical configurations that do not produce images on the photodetector of the LMD.
This criterion is then equivalent to stating that all the rays coming from any pixel which contributes to the
measurement made by the LMD must fall within a cone with apex angle of 2° or less. Further, al the rays coming
from the centers of the measured pixels must be within 2° of the viewing direction. If the LMD used has an angular
field of view larger than 2° then its suitability must be tested with the DUT; see Light Measurement Devices
(A103) in the Metrology Appendix for diagnostics.

Some say FOV or aperture meaning the AFOV. The FOV can mean the horizontal (or maximum) size of
an area viewed, or the width of the viewed area at a certain distance (binocular specifications). Aperture can refer
to the measurement aperture within the instrumentation or the entrance pupil of the LMD. We will generally use
AFOV.

Array Photodetectors: Array photodetectors are used to provide a spatially resolved luminance
measurement. In addition to the above requirements, such a system should provide (in either hardware or software)
no more than £2 % nonuniformity for all detection elements employed in a measurement of luminance. Further,
the array must be filtered to make it photopic so that the CIE factor isf,” £ 5 % (see A103 for adiscussion of f;). If
such LMDs are used to resolve fine detail at the pixel or subpixel level then the array pixel must measure no more
than 1/10 the size of the smaller of the horizontal and vertical pixel or subpixel pitch on the DUT. There are many
complications in using such devices, see the appendix for a more complete discussion and some of the CIE
requirements; A103 (Light Measurement Devices) and A111 (Array Detector M easurements).

Proximity Optical Fourier Transform Devices: There are devices that are based on the use of the optical
Fourier transform (OFT) of the image. OFT LMDs are often in close proximity with the display surface (afew
millimeters away). Care must be exercised to avoid touching any delicate display surfaces. The OFT LMD provides
ameasurement of almost the entire 2p sr hemisphere in front of the display. Since they employ array
photodetectors, the requirements are presented above (Array Photodetectors). See A226 (Equipment Based on
Fourier Optics) for a discussion of these devices and appropriate diagnostics.

Temporal Measurements: For some temporal measurements, a photopic response may not be required.
However, sensitivity to infrared light (IR) can produce a dc offset that may or may not be important to an accurate
measurement. The response time of the LMD is often required to be at least 1/10 the duration of the event
measured such as with a pixel response-time measurement or the luminance fluctuations of a backlight. However,
if the light generated is modulated at a high frequency as by a backlight, it may be necessary to require a response
time of the LMD to be at most 1/10 the temporal period of the modulation.

SIGNAL GENERATION:

In order to make this document apply to as many display technologies as possible, only some general
remarks will be made concerning signal generation. The pixel responds to a driving stimulus. Depending upon the
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display technology, that driving stimulus can be an analog voltage such as that provided to an RGB CRT monitor,
or it can be bit-level specified at a pixel location for a digital monitor associated with a computer digital interface.
It isimpossible to specify in a technol ogy-independent way the point in the generation of the image on the DUT at
which the user can access and specify the driving stimulus. Suffice it to say that, if a measurement requires
introducing a signal generator to drive the DUT, that signal generator must not create artifacts that influence any
of the measurements specified in this document within the precision of the measurements. To the extent that the
user has control of the driving stimulus, the generation of that driving stimulus must be pre-calibrated so its effects
are known. For example, consider an analog signal generator: The voltage levels must be accurate enough to
establish areliable relationship of voltage with the luminance levels of the pixels. Further, the transition times
between voltage levels must be sufficiently fast so as not to induce measurable luminance artifacts between any two
neighboring pixels. The adequacy of that driving stimulus is the responsibility of the user. In many cases, such as
with a completed laptop computer, software will be utilized to display the various test patterns used in this
document. When the signal is generated by a source external to the DUT, attention must be paid to the timing of
the signal as well as aliasing problems because of inadequate temporal matches.

OTHER EQUIPMENT:
Depending upon what is
being measured, there are a variety
of other items that will be required
or be found to be useful: I measure
oscilloscope (or equivalent signal 103 nits.
digitizer or DSO [digital storage
oscilloscope]), laboratory power
supply, DVM (digital voltmeter),
temperature measurement device
(thermometer), very-low-
impedance probe for the voltmeter
or oscilloscope, signal generators,
arbitrary waveform generators, and
other general lab equipment. There
are additional items which are
found to be useful for making light
measurements in general, see the
Metrology Section under Auxiliary r-——————-f
Laboratory Equipment (A113) for o|< so what's the Nofhmg You mean we have to
alisting of other useful laboratory replacement? say cd/m2all the

items. time!l Why.... that's
seven syllables Yup.
m Eg instead of onel
12 - M @
& A~ ]

Didn't you know that the "nit"
is no longer proper? It's a
deprecated unit.

a

' 103 nits. Check

Whose dumb idea  Don't know. > NiTs. Check,
' . that's what T got

was that to not What'd you |[|103 nits. carlier
provide a short measure :

= e
@ 5@2@:3 NS
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301-2 MEASUREMENT AND DISPLAY CONDITIONS e

4\
Hereis a specification for setup conditions that is required to ensure reproducibility of measurements from SBM
facility to facility. The standard setup conditions are denoted by icons in each measurement procedure to
economize space and to identify deviations in setup quickly. See 301-3afor display adjustment guidelines if not
available from the manufacturer.

A Note on Interface Conditions. When possible it is recommended that the interface to the display be
compliant with current VESA interface standards for monitors and flat panels. This generally assures proper signal
compatibility between the system and the DUT. For digital displays complying with those standards, no
adjustments to the display should have to be made other than brightness and, in some cases, contrast. For digital
displays that have additional adjustments or displays with analog interfaces (in which case there may be many
display adjustments), the user is advised to refer to the display manufacturer’s setup and alignment procedures.

Icons: This section provides the details behind the setup icons appearing throughout the rest of the
document and outlines some of the items that should be included on areporting sheet. The thinking behind the
icons was that an experienced user would become very familiar with the setup conditions and would need only a
reminder of what is expected. In each measurement procedure, it is more important to point specifically to the
unique or specia setup conditions than to hide such specificationsin familiar and repetitive verbiage. Reporting
compliance with the setup conditions often amounts to placing a check in the checkbox next to the icon in the
reporting sheet (if so provided, and where applicable); see SBM Report Form in the Reporting Section (200).

301-2a Description of Display and Other Identification

A number of items that identify the DUT and its environment should be included on any data sheet. In the
following list, we don’t generally include the humidity and air pressure unless there is reason to do so. See below
for further specifications of setup conditions. See section 500 (Mechanical and Physical Characteristics) for any
clarification needed on physical measurements of size, pixel pitch, diagona measure, etc. If you are using one of
the reporting sheets contained in this document (section 200), there are check boxes next to setup icons to indicate
compliance with the setup conditions specified in this section. Where applicable, the information in Table 2
(header content of SBM report) should be specified.

Some explanation for specifying the colorsisin order. The “Bits per color” refers to the number of bits
available for each primary color, e.g., in an RGB system there may be 5 bits available for red and blue but 6 bits
available for green which can be written as “5,6,5/RGB,” or “5R,6G,5B,” whatever is clear; or if 8 bits are
available for each color then we could write “8ea RGB,” or simply “8 each.” The “Total color bits’ is the total
number of bits available for color rendering (including grays). In the examples above, the 5,6,5/RGB system gives
16 hits for the total color bits, the 8-each system gives 24 bits for the total color bits. The gray levels are the
number of distinct luminances of gray that the DUT is capable of producing, e.g., 8-bits of gray means there are
28 or 256 gray levels. The “Total number of colors’ refers to the number of different colors that can be displayed at
any onetime. Thus, athough a display may allocate 8 bits for each color RGB giving a palette of 16.78 10° colors,
if only 256 colors can be displayed at any time, then the total number of colorsis 256.

Whose dumb idea was it to use all —’

A oy
these stupid icons anyway?? An electrical engineer

named Joe... he

m couldn't read.
= (57 OB
\ — —

22 D\.‘!( 300 OPTICAL — page 22




301 SETUP OF DISPLAY AND EQUIPMENT g%ﬁ 301

Table 2. Header Content of SBM Report

DISPLAY INFORMATION: DESCRIPTION:
Manufacturer of the DUT (display/device under test) Diagonal Size
Model number Number of pixels horizontally
Serial number Number of pixels vertically
Revision level Technology of DUT
Configuration
PITCH: STANDARD CONDITIONS:
Horizontal pixel pitch (metric units) Report compliance with standard setup conditions
Vertical pixel pitch (metric units) where applicable.

Horizontal subpixel (dot) pitch (metric units)
Vertical subpixel (dot) pitch (metric units)

Other specification (e.g., dots per inch—optional)
Other specification (e.g., dots per inch—optional)

COLORS: DEVIATIONS MUST BE RECORDED
Bits per color Measurement direction used if not perpendicular.
Total Color bits (viewing point when needed)
Gray levels Location for the center measurement if not at center.
Tota number of colors
DISPLAY SIZE AND MECHANICAL FACTS: SIGNAL AND POWER:
Active area: Horizontal x vertical measures Signal source
Dimensions: Horizontal x vertical measures Power source
Depth
Weight (mass)
Design Viewing Direction
LMD (light measuring device): OTHER INFORMATION:
Make Name of test person
Model Date tested
Serial number Warm-up time used
Distance Room temperature
Angular field of view (AFOV) Run or data set number (if applicable)

301-2b Electrical Conditions

Applied Power Setup and Power -up Conditions. Apply power to the DUT (display under

test). Three cases are presented. Case 3 should be used whenever possible, and Case 1 should
be avoided if possible. Report compliance for which case applies. These are

Tl recommendations, any deviations should be reported. Should larger errors exist, they should

also be reported.

Case 1 - Battery: A battery-operated display (with backlight where applicable, such as for many LCDs). Use an
AC Adapter if possible. The time allocated for warm up may have to be shortened if a battery must be used for
the entire test with no AC adapter. Assure that the battery is fully charged. This case is discouraged unless
necessary.

Case 2 - Embedded: An embedded display (with backlight where applicable, such as for many LCDs) self-
contained in a system, with system-provided power. Assure that the system is plugged into an AC source of
proper voltage and frequency, as specified by manufacturer.

Case 3 - External: An externa display (with backlight where applicable, such as for many LCDs), accessible
outside a system and externally powered. Set the voltages of the external power supplies for the display’s rated
voltage(s) £1 %. Note: Case 3 will provide the most accurate readings and is the preferred electrical setup
method
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301-2¢ Environment

AL

7 4

i

7

o

1 L

Ambient Environment: This assumes an environment similar to normal office conditions. If
the DUT must be operated beyond the conditions described, use the conditions recommended
by the manufacturer and agreed upon by all interested parties. Report compliance with
conditions. Any deviation from these limits must be reported.

Temperature: 20°C +£5°C

Humidity: 25 % - 85 % RH, non-condensing

Barometric Pressure: 86 kPato 106 kPa (25 inHg to 31 inHg)
(approximately sea level to 1400m)

301-2d Warm-Up Time

Standard Warm-Up Time: All displays

>>>>>>§>§§> must have adequate time after turn-on to L L _
allow a stable luminance level to be reached.
== After being turned on, the DUT and all g - >
@ associated electronics need to reach a level § )
: of thermal stability before the light output = Dﬁ.lnolt measure IMea.‘S“re n
from the DUT is stable. Thisisthewarm-up 3 thgﬁg;‘;“ nanee Sﬂ?gﬂ@ (;:gion.
time; it can be specified, or it can be measured. The normal warm- significantly. :
up time should be 20 minutes and can be used as the nominal !
warm-up period. Note: If you want to measure the warm-up time 05 15 1'0 1'5 2‘0 2'5
in case the nomina warm-up time is too long or too short for the Time (min)

DUT, follow the procedure given below in section 305-3 (Warm-

Up Time Measurement). Report compliance with the requirement
and report any exceptions from the 20 min warm-up time.

Fig. 1. Example of a 20 min warm-up
minimum for luminance stability.

301-2e Controls Unchanged

Displays with Controls: Some displays have controls that permit altering one or more
parameters such as brightness (luminance) or contrast. Once the controls have been set using
either the manufacturer’s procedures or the set-up procedures outlined below, they must not
be changed during the course of all the measurements. That is, it is not permissible to change
the controls in order to optimize the measurement. Should it be determined that a different
control configuration is desirable after the measurements have started, then al the
measurements must be retaken under the identical control configuration. The adjustment of

the DUT is discussed in section 301-3a Adjustment of Display Controls. Report compliance with requirement.

301-2f Darkroom Conditions

Darkroom Conditions and Ambient Lighting: Not only turning off al room lights and
being careful about light from equipment in the room, but also reflections from surrounding
objects back to the screen should be controlled to a negligible level. The illuminance E on the
screen should be 1 lux or less (E £ 1 1x). Thisis equivalent to stating that the luminance of a
diffuse white surface at the position of the screen should have aluminance of less than

0.32 cd/m?. However, there are cases where this specification is insufficient. In general, the
goal isto avoid corruption of measured dark colors due to ambient light or reflections. Watch

out for reflections from clothing and equipment lights coming off of the screen and being measured as screen
luminance. Whenever darkroom conditions are not needed this icon will be darkened and crossed out. Report
compliance with conditions. Give consideration to the following:

- »]
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L ow Luminance M easurements: For |uminance measurements less than 3 cd/m?, it is recommended that a diffuse
white standard placed at the position of the screen have areflected luminance of < 1/10 of the lowest
luminance reading to be measured. Thisis equivalent to requiring the illuminance Etobe E< 0.1 p L for
luminances L < 3 cd/m?.

Reflections: Best conditions assume aroom that is completely dark and filled only with dark objects. Reflections
from light-emitting devices or from bright or reflective surfaces could reflect off the surface of the DUT
corrupting the measurement. This includes white clothing, lightly colored objects in the room, lights on
instruments, computer displays, bright spots or light leaks in distant areas etc. Be aware of these problems and
watch for them.

301-2g Standard Viewing Direction

Perpendicular Viewing Direction:

The optical axis of the LMD should

lie along a perpendicular to the

screen; that is, the LMD should view q= 90° + 0.3°

the DUT aong lines parallel to a [

perpendicular straight line directed

out of the display surface. The

uncertainty in alignment with the normal is specified to be

+0.3° asagoal. See Fig 3. For some FPDs a small FPD

misalignment with the normal can significantly contribute

to errorsin making highly angle-dependent measurements,  Fig. 1. Sandard viewing direction is

such as might be the case for low-luminance measurements  perpendicular and positioned at the center of the

on some LCDs. Closely related to the viewing direction is screen. Measuring at different points on the

the distance from which the measurement is made, and is surface of the screen is pictured.

discussed in the following section: Viewing Distance,

Angle, and Aperture (301-2g). Report compliance with conditions or clearly indicate any other configuration.
The recommendation uncertainty of +0.3° isless tolerance than most would prefer,

LMD

but is not overly restrictive or difficult to obtain. Keep in mind, that the moon and the sun « DANGER\ D
subtend approximately 0.5°, and your thumbnail subtends approximately 1° with your arm “/
fully extended; so £0.3° is, in fact, rather sloppy. Some methods for setup and verification TO DISPLAY
of the normal direction are listed in the Metrology Section in the Appendix under POSSIBLE
Establishment of Normal (A117). Extreme caution should be used, as some alignment
methods ar e capable of damaging the surface of the DUT.
Normal
Ay > 0° ]
&
FPD
FPD
Fig. 2. Display with a design viewing direction that is Fig. 3. Display with a design viewing point in space
not perpendicular to the screen. through which measurements should be made.
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EXCLUSIONS:

For some displays (as with some LCD technologies), the luminance of black experiences a minimum in an
off-perpendicular direction. The manufacturer may have anticipated that the display will always be used slightly
tilted away from the perpendicular, and they designed its best performance to be found in an off-perpendicular
design viewing direction. Some displays may have been designed for grossly non-perpendicular viewing directions,
such asin an aircraft cockpit where a display may be positioned far to one side so that it would never be viewed
from the perpendicular direction, see Fig. 2. A non-perpendicular design viewing direction can be used only if it is
clearly stated in all reporting and if all interested parties are made aware of the deviation from this specification.
Thisis not an invitation to move about the normal and find the darkest black. This non-perpendicular allowance
refers to adesign viewing direction. If the manufacturer designed it for 10° above normal, then measure it 10°
above normal, and be sure to report it as a measurement made 10° above normal. IF the black were darker at 12°,
you would still use the measure at 10°. If the manufacturer has not specifically designated a non-normal viewing
direction, then always use the normal or perpendicular direction for measurements.

A related issue to the design viewing direction is if there is a design viewing point. If adisplay is designed
to be viewed from a point in space (as an example consider a privacy display for a banking machine) then it would
not necessarily be appropriate to use the perpendicular direction for making all surface measurements on the
screen, see Fig. 3. Conceivably, a display could even have a design viewing point that is not on the perpendicular
of the display. A design viewing point can be used only if it is clearly stated in all reporting and if all interested
parties are made aware of the deviation from this specification.

301-2h Viewing Distance, Angle, and Angular Field of View

SUMMARY:

Measure 500 pixels or more but less than 10 % of both the horizontal and vertical dimensions of the
screen (<1 % of screen area) using an LMD with afield of view angle of 2° or less for an infinity focus (or the
equivalent). Further, the subtense angle of the lens as viewed from the screen must be 2° or less. For LMDs that are
not to be operated in close proximity to the screen, a 500 mm distance is recommended. Devices or configurations
that cannot comply with these restrictions must be verified. Report the following items on the reporting sheet: The
LMD used (make, model, serial number), its distance from the screen, and its angular field of view. Also, report
compliance with these suggestions on the reporting documentation.

DISCUSSION: (See A102-1 for more information.)

The overall goal isto provide a reproducible measurement (see A221, Statements of Uncertainty) that
simulates what is seen by the eye. This means that we need to arrange for a measurement system that will provide a
locally spatially-invariant measurement, a measurement that is independent of small perturbations in the position
and small perturbations in the angle from the normal along which the measurement is made. There can be severa
kinds of LMDs employed for these measurements. There are non-proximity imaging LMDs (some refer to them as
spot-meters), proximity non-imaging LMDs, and optical Fourier transform LMDs. Imaging LMDs use alensto
focus some part of the image of the DUT onto the light sensing elements of the LMD. It is for such imaging LMDs
that the above suggestion of 500 pixels, etc., is made. Many imaging LMDs often are found with a viewfinder (or
video viewfinder) and a spot or circle that identifies the region measured. Examples are imaging
spectroradiometers, imaging luminance meters, hand-held imaging luminance meters and colorimeters, etc.

There are several types of non-imaging LMDs: (1) There are LMDs that employ collimated optics that do
not create a focused image although alensis used—see A219 (Collimated Optics). (2) Large solid angle LMDs
that gather light from many directions onto one sensor are generally not useful for all FPD technologies—see A103
(Light Measurement Devices). (3) Optical Fourier transform LMDs are proximity detectors that can provide an
angularly resolved measurement almost over the hemispherical region in front of the screen at one time—see A226
(Equipment Based on Fourier Optics). With any LMD, consideration must be given as to the parts of the screen
that are contributing to the measurement so that the measurement is reproducible.
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NUMBER OF PIXELS MEASURED:

At least 500 pixels should be measured to assure that small changes of position of
] the LMD or FPD will not result in important changes in the measurement. The 500-pixel
— | arrangement also prevents localized pixel nonuniformities from affecting the measurement.
That is, the luminance measurement should be locally spatially invariant. Further, the
measurement area should be less than a box of size 0.1 H by 0.1 V (such abox retains the
/ aspect ratio of the screen and has 1 % the area of the screen and 10 % the diagonal of the
screen). Because pixels do not usually have a 100 % fill factor and are usually made up of
colored subpixels having differing luminances, if too few pixels are being measured then
small changes (even afraction of a millimeter) in the lateral position of the LMD or DUT can result in
unacceptable errors in the measurement, and the measurement is no longer spatialy invariant. In addition, if the
pixel-to-pixel luminance nonuniformity is large, an inadvertently captured bright or dim pixel will affect the
measurement when too few pixels are measured. Experience has shown that 500 pixels works well and can be used

hN

yd

without further testing; 500 pixels is covered by a circle with ' A=HV H=N.Pu
adiameter of 26 (actually 25.2) square pixels. If it is EOf_SPquLe Pixels R
necessary that fewer pixels be measured, the measurement nY V =NyP, )

Section A102 (Spatial Invariance and Integration Times) for z——
more details, worked examples, and more formulas to
calculate how many pixels are covered. Here is one
calculation of the number of pixels measured:

configuration needs to be verified. LMDs or measurement g ]
situations that do not conform to the 500-pixel suggestion H r
can be qualified for use by the appropriate diagnostic. See L_/ m 5

r=ztan(q/2)

a=PR,Py

: A= areaof thescreen (viewablearea, of course) comprisingall pixels
i N,y = numberof pixels, horizontal, vertical

: Py, P, = pixel pitchin thehorizontal/vertical direction

::: P = pixel pitchfor squarepixels

i H = horizontal sizeof screen= Ny P, = Ny P (for squarepixels)

FOR SQUARE PIXELS

2
r r
N=§= NTizp— T =p—, or
a A HV p2
eztan@ /2) 0’
& o
(NF + NY)
D2
(wherein thelast equationit isassumed
that z>> r)

N=p (N5 +N3), or

N @2 d?
4

:::V = vertical sizeof screen= Ny R, = Ny P (for squarepixels)
i1 =radiusof round measuremert areaon screen
: s= areaof screenbeing measured=p r? (Goal : s< A/100)
"'d = 2r = diameter of round measuremert areaon screen
(should belessthan10%or H andV)
a = areaallocatedtoonepixel = PR, (= P2 for squarepixels)
T'N; = total number of pixelson thescreen= N, Ny,
: N = number of pixelsbeing measuredon thescreen (Goal :500 px)
::: z = distancefrom thescreen tothe LMD

"D = diagonal= VH2 +V? = PyN,? + H, 2

[ Notethat D isthe exact diagonal of the viewabledisplay surface.
iq = LMD angularfield of view (- or rad: © = rad<360°/2p)

':j (NOTE: for small angles< 10°, sing @tang @q within1%,

f  whereq @d/zmust beinradians)

Table 1 provides examples of compliance and non-compliance with this pixel-quantity convention. For spot-
meters, when the viewing angle q is not perpendicular to the screen, then if the radius from the screen center to the
LMD doesn’t change (not required in this document), the number of pixels measured increases as 1/cosq until the
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spot covers the width of the screen for large angles. The area measured can then be more than 1 % of the screen.
The 1 % measurement area limit is required for the standard perpendicular direction only.

Table 1. Number of Pixels Measured and Per cent of Screen Diagonal Measured for Several Configurations.
Dec.=decimal, No.=number of, z = distance between DUT and LMD, q = AFOV, a = aspect ratio, D = diagonal
The shaded area denotes failure to comply with 500-pixel and £10 %-of-diagonal convention.
Dplls)|(oéasy Diagonal 2 | ASpeC; Ratio Size of Screen Measurement Region pil\>l<2is
° = in o

N | Ny | ) [mm)| ™™ O pee. | Ratio | H (in) | v (i) (mHm) (mvm) Oér;nzq)r 'Qfé’ %Area| |\
640/ 480 10.4) 264| 500 2| 1.333 43 8.32] 6.24| 211,158 17.46| 6.6%| 0.71%]| 2195
640/ 480 21.0] 533 500 2| 1.333] 4:3 | 16.80] 12.60| 427| 320 17.46| 3.3%| 0.18%| 538
640 480 21.0] 533 500/ 1| 1.333] 4:3 | 16.80 12.60, 427| 320 8.73| 1.6%| 0.04%| 135
640/ 480 21.0] 533 500 2| 1.333] 4:3 | 16.80] 12.60| 427|320 17.46| 3.3%| 0.18%| 538
640 480 5.2 132 500 2| 1.333 43 4.16| 3.12] 106 79| 17.46(13.2% | 2.86%)| 8779
640/ 480 5.2] 132 500/ 1] 1.333 4:3 46| “3.12| 106] 79 873| 6.6% | 0.71%| 2194
640/ 480 32.0 8131 500 2| 1.333] 4:3 | 25.60 19.20] 650 488| 17.46| 2.1%| 0.08%| 232
800] 600/ 11.3] 287 500 2| 1.333 4.3 9.04|) 6.78)\ 230| ¥72| 17.46] 6.1%| 0.61%]| 2905
800| 600/ 15.0/ 381 500 2| 1.333 4:3\| 12.00] 9.00] 805 229| 17.46| 4.6%| 0.34%| 1648
800] 600 22.6] 574 500 2| 1.333 43\ 180811356 459 344| 17.46| 3.0%| 0.15%| 726
1024| 768| 12.1) 307| 500 2| 1.333] 4:3 9:68)\ 7.26| 246| 184| 17.46| 5.7%| 0.53%)| 4151
1024| 768 15.0/ 381 500| -2| 1.333] 4.3\ 1200, '9.00] 305 229 17.46| 4.6%| 0.34%| 2701
1024| 768| 6.4 163 500 2| 1.333 4:3 512| 3.84] 130 98| 17.46|10.7%| 1.89%) 14836
1024| 768| 6.4/ 163] 500 \1)\1.333] 43 512 3.84] 130] 98] 8.73] 5.4% | 0.47%| 3709
1024| 768| 21.0] 533] 500 2| 1.333] 43 16.80] 12.60] 427| 320 17.46| 3.3%| 0.18%| 1378
1280 1024| 13.0] 330 500[ 2[\1.250] 54 | 10.15 812 258 206| 17.46| 5.3%| 0.45%| 5897
1280 1024 25.0] 635] 5001 2| 1.250| 54 | 19.52| 1562 496| 397| 17.46| 2.7%| 0.12%| 1595
1280 1024| 17.0] 432|500 12[11250] 54 | 13.27| 10.62| 337| 270 17.46| 4.0%| 0.26%]| 3449
1280 1024 42.0 1067| 500 2|/ 1.250] 5.4 | 32.80] 26.24) 833| 666| 17.46| 1.6%| 0.04%| 565
1280 1024| 23.0] 584| 500, 1] 1.250] 54 | 17.96| 14.37| 456| 365 8.73] 1.5%| 0.04%| 471
1280 1024/ 23.0] 584| 500 2| 1.250] 54 | 17.96] 14.37| 456| 365 17.46| 3.0%| 0.14%| 1884
1280 1024| 60.0] 1524| 500 2| 1.250] 514 | 46.85| 37.48) 1190| 952| 17.46| 1.1%| 0.02%| 277
1920 1080| 17.0] 432| 5001 2| 1.778] 16:9 | 14.82] 8.33] 376| 212 17.46| 4.0%| 0.30%| 6228
1920 1080 42.0/ 1067| 500, 2| 1.778] 16:9 | 36.61] 20.59] 930| 523 17.46| 1.6%| 0.05%| 1020
1920 1080 12.0] 305 500 2| 1.778) 16:9 | 10.46| 5.88 266| 149 17.46| 5.7% | 0.60%| 12500
3072| 2240] 13.5| 343] 500/ 2| 1.371 11:.8 | 1091 7.95| 277] 202| 17.46| 5.1%) | 0.43%] 29418

0 (]

300 OPTICAL — page 28




301 SETUP OF DISPLAY AND EQUIPMENT

IMAGING LMDsFIELD OF VIEW AND SUBTENSE ANGLE:
Many LMDs use alensto
focus an image of the DUT some
part of which is measured or
sampled by the light measurement
elements. The angular field of view
(AFOV) of the LMD should be 2° \L
or less and the lens of the LMD \/ ______________ fi

\

FPD

L EEEE———

must subtend no more than 2° from ,\ —————————————— ‘:
the center of the measurement area on the screen. For (o=

imaging spot meters the 2° criterion is based on afocus at (AFOV) . /
infinity. q.9 £ 2
If light measured from aDUT exhibits a I d of
iewino- ini i LMD Angular Field of View
viewing-angle dependence, then the finite solid angle (measures 500+ px)

subtended by the LMD measurement aperture may affect

the measurement since it receives light from different

parts of the screen at dlightly different angles. If an Fig. 1. Angular field-of-view gr and angle subtended
LMD isused with an AFOV greater than 2°, its by lens g, both limited to less than or equal to 2°.
adequacy must be checked with each display measured

to be sure that the variation of the measured quantity is less than twice the maximum repeatability requirement for
the LMD (in this document, s, yp = 0.50 %, so that 1 % =2~ s yup) over the AFOV employed, see A103 for
diagnostics. Some measurements require a smaller subtense angle than 2°, such as BRDF measurements of
reflection and other reflection measurements. Such requirements will be clearly stated. The angle subtended by a
lens of diameter D, at adistance zfrom the screen is

EYEPIECE VIEW

b iq = subtense anglein degrees
L iD, =diameterof lens

= 360° ——
L 2pz’

I'z= distancefrom screen

See section (A103 Light Measurement Devices) for diagnostics to test any LMD for meeting these specifications.

NON-IMAGING LMDs:

The limitations required here are essentially the same as for an imaging LMD but expressed in amore
general sense to accommodate non-imaging systems: Each pixel that contributes to the measurement should only
contribute a narrow cone of light that is measured by the LMD. The apex angle of that cone should be 2° or less.
Furthermore, for each pixel that contributes to the measurement, the center axis of this cone of light should be
within £1° of the optical axis of the LMD. See section A103 (Light Measurement Devices) for diagnostics to test
any LMD for meeting these specifications.
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CONFIGURATION EXAMPLES:

In Figs. 2-4 we show three typical configurations, and in Table 1 we show some examples using common
screen pixel configurations (the last two entries do not conform to this specification; Ny and Ny are the number of
pixelsin the horizontal and vertical direction, H and V are the horizontal and vertical sizes, respectively). See
section A102 (Spatial Invariance and Integration Times) for methods to calculate how many pixels are covered.

‘ 500 mm ‘
I |
! 20
F|g 2. Examp|e of a typ|ca| 2° f|e|d-ang|e spot- Flg 3. Example of an automated or robotic LMD
meter LMD at 500 mm from the display in a laboratory configuration with display fixed.

laboratory bench and tripod configuration where
the LMD and display are fixed in space.

1000 mm

1 1 I
10 ti
l |
Fig. 4. Example of a typical 1° aperture LMD Fig. 5. Example of an optical-fourier-
at 1 mfromthe display in an optical rail transform LMD.

configuration where the LMD and display are
securely fixed in place.
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301-2i Screen Measurement Points

CENTER SCREEN MEASUREMENTS:
Many of the measurements in this document are made at the center of the screen.
| We specify that the center of the screen be determined within £3 % of the screen diagonal

size. That is, the center of the luminance meter angular-field-of-view (AFOV) must be
positioned at the center-screen point to within +3 % of the screen diagonal. Whenever center-
screen measurements are not called for thisicon will be crossed out and darkened. Some
displays have a seam at the center such as dual-scanned displays or tiled displays where it
would be unreasonable to measure directly at the center across the seam. In such cases, measure as close to the
center as possible being careful to avoid the seam by at least 10 % of the measurement circle AFOV, and note the
measurement position in the report. Report compliance or any exceptions on the data or report sheet.

Positions Other Than Screen Center: Various discrete points on the screen surface other than the center are
employed in several measurements (such as sampled uniformity measurements). All such points must be located to
within £3 % of the screen diagonal. That is, the center of the luminance meter measurement AFOV must be
positioned at these points to within £3 % of the screen diagonal .

Verification: By looking through the viewfinder or a video representation of the view it is usually a smple matter
to locate these measurement points. Two methods for setup and verification are as follows: (1) By alignment of the
measurement device to a displayed image which is generated to specifically locate the measurement point on the
screen (see the file series FPDM SU). (2) Mechanical determination of the center of the screen and other
measurement points such as by use of an external template; diagonal cross-hairs and measured horizontal and
vertical cross-hairs using strings, rubber bands, long strands of hair, thread, etc.

301-2j Adequate Integration Time

TEMPORAL MODULATION OF LUMINANCE:

With the LMD and DUT rigidly fixed, the variation in luminance readings should
be within twice the maximum repeatability requirement for the LMD (in this document,
sLmp = 0.5 %) over a short period of time. Than is, the luminance measurement should be
repeatable. If thisis not the case then either the luminance meter is unstable, the display is
unstable, or the display is putting out a temporally modulated luminance causing the
measured luminance to be sensitive to the placement in time and duration of the time interval
over which each individual measurement is made. See the next section for testing the luminance measurement
stability: Luminance Measurement Repeatability (301-2k). See the section in the Metrology Appendix for a more
complete discussion of the problem, more detailed diagnostics, and ways to correct the problem: Spatial Invariance
and Integration Times (A102).
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301-2k Luminance Measurement Repeatability

DESCRIPTION: Most measurements made using this document depend upon the repeatability of the
measurement of luminance. This procedure is used to assess the repeatability of the luminance measurement,

and provides an estimate of the mean and standard deviation of the luminance
measurement by making 10 measurements of the luminance of full-screen white. The
LMD, the DUT, or both in concert can cause non-repeatability. Units: cd/m? for mean and
standard deviation. Symbols: m and s respectively.

SETUP: Display awhite full-screen test pattern and arrange the luminance meter to measure
the luminance at screen center from the perpendicular direction. Be sure that the luminance
meter and the DUT are securely in place and will not change in their positions during the
measurements. (This measurement is a method of determining the adequacy of the
integration time of the LMD, hence the question mark over the last icon below.) See
section 301 for any standard setup details.

SPECIFIC: Full screen white

Y I @WEBHER

PROCEDURE: Measure the center-screen luminance of full-screen white 10 times as quickly
asisreasonably possible. Graph the luminance as function of the measurement order
number, one through ten (which provides an approximation to the luminance as a function
of time).

Luminance m
and s

L, 102.7
L, 102.5
L 103.1

L4 102.3
Ls 102.8
Lg 103.1

L= 102.6
L 103.1

Lo 103.5
L1o 103.4
m 102.3
S| 0.393

ANALYSIS: Calculate the mean and standard deviation for the luminance measurements, and examine the graph
of the resultsto seeif thereis any drift due to inadequate warm-up of either the DUT or the LMD. The mean

m_of n = 10 measurements of the luminance L; is

ir
m=—al,

Niy 104 — . . :
and the standard deviation is

m=102.9

10
sL=—=a (L-m)*. N s =0.393 (0.38%)
n-1i,

If thereisan overall drift in the values which

results in the primary contribution to the

standard deviation, then it may be wise to

wait until warm up is achieved and attempt a

re-measurement.

REPORTING: None, unless called for by the

interested parties. Some may wish to report
the mean and standard deviation of these ten 102 L . . s

103

Luminance,Li (cd/m)

measurements in the comments if the 0 2 4 6

8

10 12

reporting document permits. Approximate Time in Number of Measurement

COMMENTS: In the graph of the sample data
we see an upward drift in the luminance (the

lineisalinear fit to the data), but the standard deviation is within the limits of twice the requisite imprecision

of the LMD or +0.5 % indicating that the luminance measurement is adequate for the purposes of this

standard. This measurement can be used in conjunction with 301-2j (Adequate Integration Time).
Note: Although we have specified a luminance measurement in this example, any measurement result can

be dealt with in a similar fashion, e.g., chromaticity coordinates.
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301-3 DISPLAY SETUP AND INITIAL TESTING

During the 20-minute warm up period (or whatever period is required for warm-up) certain subjective
observations can be made. Also, any controls on the DUT can be set to provide the best images or patterns
commensurate with the use of the display and its task setting (consistent with the manufacturer’s specifications, if
they exist or apply). We have provided one section on Adjustment of Display Controls (301-3a), and a number of
sections on subjective evaluations. The subjective evaluations are suggested, not mandatory.

Some Possible Subjective Evaluations:
. 301-3a Adjustment of Display Controls
301-3b Saturated Color Performance Assessment
301-3c Cosmetic Defects Assessment
301-3d Mura Assessment
301-3e Pixel Defects Assessment
301-3f Flicker Visibility Assessment
301-3g Video Artifacts Assessment
301-3h Single-Pixel Checkerboard Testing
The sections on subjective evaluations allows for a visual check to determine the presence of certain display
conditions or anomalies and give guidelines to help determine the level of seriousness of problems. With the
exception of the Saturated Color Performance Check (301-3b), presence of any of these conditions is usually
undesirable and degrades the quality of displayed video or the appearance of the display. Some displays will have
some of these characteristics, and some will not.

All of the tests are made by human visual observation with no measurement equipment, unless specifically
stated within atest. There may be visual enhancement aids, such as magnifiers or optical filters, which can assist
the evaluations. It isimportant to note that visual testing inferslooking for visual problems which may or may not
be present rather than measuring performance as is done for the regular testing sections of this standard. Saturated
Color Performance Check (301-3b) is the exception. For color displays, the colors are expected to be present.
Absence of the colors or video artifacts on the way the colors are displayed would suggest a serious problem. It is
recognized that subjective evaluations depend upon the observer. For example, some people exhibit a much greater
sensitivity to flicker than others. These evaluations are intended to flag the most obvious problems.

Should any of the tests of this section not be completed during the warm-up interval, they may be tested at
any time thereafter. It is assumed all tests in this section are immune to warm up time, and that the order of the
tests is during warm up is not a factor. Should any of these tests be deemed to dependent upon warm up time, they
should be conducted after proper warm up time has been achieved.

301-3a Adjustment of Display Controls

NOTE: If you intend to make a measurement that requires the display to be turned off or the controls
changed (such as Luminance Adjustment Range, 302-8, and refl ection measurements, 308), it is wise to make these
measurements before establishing the settings to be used for all other measurements. Alternatively, perform such
measurements after all other measurements have been made.

Control Adjustment: Should the DUT be provided with any adjustment controls such as brightness or
contrast, etc., the display controls should be set according to manufacturer’ s specifications and not be changed
during the course of the measurements (see 301-2e, Controls Unchanged, in the above). It isimportant to adjust the
DUT commensurate with its intended task and not optimize the DUT for each measurement separately. In the
event that no manufacturer specifications exist or are not adequate for the intended purpose of the DUT, we
recommend the use of targets and images available from VESA.

Set-Up I mages. The appropriate set-up patterns and images, Setup Images, can be obtained from the
VESA world-wide-web page at address www.vesa.org, download the appropriate file with name FPDM SU.???
where ?2?is“PPT” for Microsoft’s PowerPoint® use on the PC (personal computer) and “PDF’ for Adobe’s
Portable Document Format® where Adobe’ s reader is also available from the web site for several platforms. There
are severa bit-mapped patterns that must be kept in a separate file FPFDMSUBM.?7?. This file contains SMPTE-
like patterns with modifications (see SMPTE RP 133-1991 Specifications for Medical Diagnostic Image Test
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Pattern for Television Monitors and Hard-Copy Recording Cameras). as well as some other patterns that may be of
use in setting up a display—see Section A112 in the appendix for details.

The Set-Up Images have text, photographic images, test targets, and alignment targets for assuring the
DUT isadjusted for its intended use. There are 32 gray levels provided on severa targets and included also with
the images. The controls should be adjusted so that the gray levels near black and near white are visible. Beyond
that, probably aface will be found to provide the most restrictive adjustment of the controls and is therefore
suggested where appropriate, should any fine-tuning be required. The general characteristics of these files and
examples are described in the Metrology Section under Images and Patterns for Procedures (A112). Further
discussion of their use will be found in that section. Most of these patterns are simple, so you may want to create
your own.

In some cases, it is possible to adjust some displays so that the full black screen is absolutely black to the
eye (in adarkroom) and to your instrumentation. If with such a display under normal operating conditions the full
gray scaleisvisible, then the display effectively has infinite contrast. However, thisis very unlikely. Usualy, if
there is any nontrivial luminance in the bright areas of the display, the display will require a black luminance that
isfinitein order for the eye to be able to see the first gray (or color) level above black. Thus, it is not enough to
adjust so that the first gray level is visible above black, but that the first gray level above black must be observable
during normal use of the display. The establishment of black along with whatever gray scale (or color scale) is used
to set the controls of the display will be task and technology dependent. We cannot cover all concerns here. For
example, there are tasks that require using the display in a dark room where it is considered acceptable to make
adjustments in brightness or contrast for the purposes of identification of parts of an image. Viewers may make a
different adjustment to suite their requirements. For such unusual display tasks, the settings should not be changed
during the measurements for each separate ambient condition (dark room, bright room, red room, etc.). However,
if the settings are changed, all the measurements must be identified by their ambient condition and control settings.
In general, if the display is said to have N gray levels that are required for proper use of the display (for example,
256) then the gray scale level next to black should be visible for use under typical operating conditions. If full gray-
scale reproduction is not required or desired, then that fact should be reported to assure a reproducible
measurement. Whatever is decided must be suitable to all interested parties.

In cases where the above 32 gray levels do not adequately exercise the display’s capabilities, more levels
may be needed. Here is a procedure that may be of use: Suppose we have a display that is capable of displaying
1024 levels of gray. Fill the screen with filled rectangles (without boundary lines) ranging from white to black in
any convenient even-bit step size, but as black is approached, use only a step size of one bit. The display must be
adjusted so that the first level above black is visible with these other luminance levels on the screen. Thus, we
might arrange for a matrix of rectangles 16 across and 8 down to fill the screen; the step size would be
approximately 8 bits until you approached the black rectangle, then steps might go like 1023, 1015, 1007, ... 55,
43,31, 9, 2,1, 0, and you would adjust the controls so a difference between black (0) and the next level (1) is
visible. Any departure from this type of setup must be documented. If the display cannot be adjusted to observe the
first level above black, then report the first level above black that isvisible.
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301-3b Saturated Color Performance Assessment

Use the color bar pattern to determine the presence
of all saturated and primary colors. No measurements are
made, so only the presence of the colorsis observed, not an
assessment of how well the colors are reproduced. The full-
screen color bar pattern is intended for visual assessment of
the general color performance of adisplay. All colors are
saturated to enable minimum difficulty in visually assessing
presence of color and relative saturation as per an adequate
color gamut. The full-screen color gamut is measured in
section 302-4 (Color Characteristics of Full Screen).

The full-screen color bar pattern (Fig. 1) isa
sequence of vertical bars that show the three saturated
primary colors, three secondary, black, and white. The
color order (from left to right) is white, yellow, cyan, green,  Fig. 1. Color bar pattern from RGB primaries.
magenta, red, blue, and black—this assumes an RGB color
scheme. Their order represents video content luminance from maximum on the left, to minimum, on the right.
Their heights are full screen with widths of 1/8 of the total horizontal video size.

Use of Color Bars: There are a number of uses for which the color bar pattern will serve to check:
the saturated-color (full gamut) and black-and-white performance of the DUT
to assure all primary and secondary colors are displayed
to assure all colors are in the correct order
of proper signal path arrangement, including wiring and cabling
the color purity, saturation, and hue
the spatia color separation
of signal path performance for adequate color response capability
to assure that all saturated colors can be displayed without overlap or other spatial degradation
to assure all colors are distinct from each other
to assure there are no color dependencies or characteristics of the DUT that vary from one color to another.

Reporting: Report in the comments sections of the reporting templates any problems with the appearance
of normally displayed color bars, such as missing colors, wrong colors, problems at the transition points between
colors, or color artifacts, etc.

GREEN

WHITE
YELLOW
CYAN

301-3c Cosmetic Defect Assessment

While displaying aternately awhite and black full screen, inspect the DUT for cosmetic defects. These
are imperfections of the display surface or its packaging that are visible on the external surface that detract from
the display’s value such as the following examples (not a complete or required list):

cuts - gouges - pullouts - misalignment of parts
dents . scratches . cracks . stains on components
smears - bubbles - bumps - other ...

Report description of any unacceptable cosmetic defects on the reporting sheet in the comment section along with
any other appropriate information such as position, type of defect, size, and shape. Note: This section does not
include pixel defects that are handled separately in section 301-3e nor does it include mura (nonuniformities on the
display surface) dealt with in 301-3d.

Discussion: Thisis an example of a characteristic that may or may not exist on adisplay face or its
enclosure. Such defects arise from contamination in the manufacturing process, cuts, scratches, gouges, etc., which
could occur in any level of processing or handling of the product. All types of cosmetic defects cannot be easily
classified. They vary amost limitlessly in types, characteristics, and conditions, and what is acceptable or not is
generally determined in agreements between display manufacturers/handlers and those who integrate them into
usable products, such as OEM’s. It is beyond the scope of this document to offer a defined procedure of or listing
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for cosmetic defects. Other than the general guidelines, cosmetic defect assessment should be done in accordance
with agreed upon guidelines between the display supplier and user.

In general, cosmetic defects can be any type of abnormalities found on a display, housing, front of screen,
etc. They may be assessed in terms of quantity, size, shape, level of visibility, location, etc. They may or may not
degrade the performance and the usability of the display, and how objectionable they are may be related to the area
where they are located or their proximity to boundaries on the display or to other defects. For instance, a highly
visible cut, gouge, or permanent stain on the face of a display might significantly reduce visibility and reduce the
usability of the display, whereas an even worse cut, scratch, etc. on the side or rear of the display would not affect
the visible display area at all and might be acceptable. The acceptability of either must be determined by the
observer based upon specific criteria from the interested parties.

301-3d Mura Assessment

Mura (moo-rah’) is a Japanese term meaning nonuniformity and has been adopted in English to provide a
name for imperfections of the display pixel matrix surface(s) that are visible when the display is in operation.
Inspect the display surface while displaying a white full screen, a black full screen, and a dark gray full screen.
Look for any imperfections that interfere with the uniformity of the displayed luminance such as a mottled
appearance or bright or dark spots that may be objectionable. Thisis not attempting to look for large area
nonuniformities which will be measured in section 307, but attempts to find any imperfections which are present
on the scale of from afew pixelsin size to usually less than 20 % of the screen diagonal. Report any findingsin
terms of size, quantity, position, etc., in the comment section of the reporting sheet. Note: Mura, aswe use it here,
does not include pixel defects that we detail in 301-3e.

301-3e Pixel Defects Assessment

NOTE: The tolerance for pixel defects should be negotiated between all interested parties. The pixel defect
tolerance depends upon the application of the display, and a general classification scheme cannot cover all
specialized uses of displays. A possible method of pixel defect characterization and identification that may be of
useto you is presented as a measurement in 303-5 (Pixel Defects). During warm-up is an excellent time to look for
bad pixels.

301-3f Flicker Visibility Assessment

With awhite full screen (or whatever pattern is determined to produce the worst-case flicker) and the
DUT in atypical office lighting situation (or the ambient lighting which is characteristic of the environment in
which the display will be used), look for flicker from the display surface with the screen in your fovea and thenin
your peripheral vision. Report any observed flicker and observing conditions on the reporting sheet, e.g., the
pattern displayed, the colors employed, size of displayed area, observer viewing angle, if peripheral or foveal vision
is used to observe the flicker, ambient lighting, viewing distance, etc.

Discussion: Flicker isthe visible rapid luminance variations in time having to do with how the screen is
driven to produce a static image. Flicker is defined as perceptible rapid temporal luminance variation of a
nominally constant-luminance test pattern: Flicker can be analytically measured, as in Section 305, but unless the
measured flicker level exceeds the minimum human perception threshold, the DUT cannot be properly be said to
be flickering. A number of characteristics affect the perceptibility of flicker: luminance level, frequency,
modulation, ambient lighting, displayed area, whether the displayed areaisin foveal or peripheral vision. Note that
thereis awide variation in observer sensitivity to flicker—flicker may be noticeable to one person but
imperceptible to another. Any temporal luminance modulations invisible to all human observers are not of concern
here. The presence of visible flicker on adisplay is generally undesirable, but some level of flicker may be
acceptable in certain cases. All interested parties should be in agreement with the acceptability and conditions of
visible flicker.

The characteristics that determine the production of flicker will vary from technology to technology. For
example, some technologies have little persistence of luminance from frame to frame, and higher vertical refresh

36 D\.‘!( 300 OPTICAL — page 36



301 SETUP OF DISPLAY AND EQUIPMENT g%ﬁ 301

rates (e.g. 76-85Hz, rather than 60Hz) are required to minimize perception of flicker. For such technologies,

higher luminance levels increase the perception of flicker, while higher vertical rates reduce it. Other displays have
dependencies that can cause flicker at reduced luminance levels and/or reduced refresh rates. This section does not
intend to go into great detail about the properties of flicker or visible perception variables. For measurements of
flicker see Section 305.

301-3g Video and Image Artifacts Assessment

While displaying a variety of full-screens saturated colors, pastels, white, grays, or black, aswell as other
patterns like checkerboards, grilles, etc.; look for video artifacts such as noise, periodic spatial irregularities
(Moiré), or periodic temporal irregularities. Report any inadequacies in the comment section of the reporting sheet.
DISCUSSION: Displays can be characterized and measured in every conceivable manner, yet the possibility of

some non-quantified visible artifact can still exist. There seem to be an indeterminable number of possibilities
on how video artifacts can occur and what their characteristics may be. They may relate to any display
anomalies or part of any of the electronics that generate video for the DUT or other sources coupling into the
video electronics generation. Non-electronic mechanisms or electronic sources outside of the system to which
the DUT belongs may also cause video artifacts. Examples could include magnetic coupling or radio frequency
susceptibility. It should be kept in mind that the DUT itself does not have to have susceptibility to such
mechanisms, but rather the signal pathsin proximity to the DUT, such as avideo signal transmission line,
could alow for external coupling, and then directly transmit it to the DUT where it might be shown as
unwanted video.

Visible video artifacts can be dynamic, or moving in time incoherently with the video signal. It is also
possible to have video artifacts that are stationary or synchronous with the video or part of the video. These
video artifacts may aso be present on all of the screen or part (or parts) of it, and they might even vary asa
function of position. They might also be sensitive to video content, changing or only occurring for certain
variations of displayed video. They might be of any size, location, pattern, of any temporal or spatial
characteristics, and may occur consistently or may be intermittent, appearing to be entirely random. Due to the
potential randomness of such characteristics, it isimpossible to produce all situations for the DUT in which
artifacts might occur, and there might never be any artifacts in the DUT. Observed video artifacts are often
classified as video noise, an unwanted part of the video signal. Whatever the cause, this section permits the
documentation of any visual artifact on the DUT. To further complicate matters, subtle artifacts may be
perceivable by one observer but be invisible to another.

SETUP: Thereis no one best video pattern or condition that should be used to seek video artifacts. The only
guidelines that can be given are to use whatever video and external stimuli that may be useful, typical, or
practical to implement. Basic operation for observing video artifacts would include starting testing by using
patterns such as all white, all black, fine checkerboards (down to alternating black-white pixels), vertical lines,
horizontal lines, and variations of color (both saturated and pastel) and gray-scale content and position.

PROCEDURE: Using any number of different patterns, vary any condition of the DUT to observe video artifacts.
Vary any external stimuli as appropriate and with minimal risk of damage to the system. Some examples of
external stimuli (use with caution) might be movement of video lines (if accessible), variation of the power
source within its tolerance limits (if accessible), movement of the DUT, lightly nudging connectors, variation
of any controls like brightness or contrast, etc.

REPORTING: Any pattern, condition, or external stimulus that induces, changes, or eliminates video artifacts
should be reported. Also, report the description and any other pertinent characteristics of any perception of
video noise on the reporting sheet. Other characteristics may include size, duration, position, or persistence of
the disturbance. Report any artifact observations in the comment section of the reporting form.

COMMENT: See 306-6 Anomalous Nonuniformity for a specific measurement example.
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301-3h Alternating-Pixel Checkerboard Testing

Display an alternating-pixel checkerboard
pattern and look for clarity of black and white
individual pixels. If the black pixels are gray or the
white pixels are noticeably gray or both, it could Ty iy Rowt
indicate problems in some of the circuits or the | |

T . L E BN EEEENEENENE
generating signal. Report any inadequacies in the HE B [ -
Comments Section of the reporting form. u .. ....... u
Al B EEENNENZS

DISCUSSION: An dlternating pixel pattern is a series ............. %
of on-off-on-off... pixels (e.g. white-black-white- — N
black...) where each successive row is the inverse of the
row above it. Such a pattern isthe same as a
checkerboard pattern in which the size of the checkers Active Display Area
is reduced to one pixel. A compliment or inverse -
alternating pixel display may also be used whereby the 38 ] Size of One Pixel

two patterns can be compared.

The alternating pixel patterns produces the
highest frequency video, and pixel clarity on the DUT is representative of the display’s ability to reproduce the
highest frequency video signal. Such a pattern tests the DUT sensitivity to rise/fall times and frequency capabilities
of the video system (generated video and transmission path). Some find that this pattern also enables them to check
for pixel defects as well; any pixel which is continually fixed at a certain luminance level or color will often stand
out better when observed surrounded by all black or white pixels.

Fig. 1. Alternating pixel pattern.

Cn

o
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| 302 CENTER MEASUREMENTS OF FULL SCREEN I

M easurements are made on the center screen while a full-screen of
white, black, gray, or color is displayed. The methods for the full-screen
measurements specified in this section (302-1, -2, -4, -5, -6, -7) are
essentially identical except for the selected color to be used over the entire
screen (white, black, grays, primary or secondary colors, or other colors).
The light measuring device (LMD) need only be set up once and
measurements taken of the various full-screens. The determination of the
full-screen contrast ratio amounts to a calculation using the results of full-
screen-white and full-screen-black measurements.

In general we specify that only one measurement need be made. The reason that the averages of multiple
measurements are generally not necessary is that the repeatability of the light measuring device (LMD) isusualy a
factor of ten or more better than its measurement uncertainty. Good metrology would dictate that the user of the
LMD be acquainted with the instrument and that the instrument be tested with the DUT to be sure that proper
measurements are being made. We suggest that with a full-screen white a series of measurements be made and
compared to assure that there is good repeatability within the precision requirements of this standard, namely, that
the repeatability of the measurement (301-2k Luminance Measurement Repeatability) is less than twice the
reguired maximum repeatability of the LMD for this document (2s yp = 0.5 %).

It should be noted that glare from alens used in the detector can corrupt all luminance measurements,
even white. Diagnostics can be performed to illustrate the existence of glare light and possibly make a correction
for it, however, the best way to eliminate glare effects isto use a mask, in particular, a black-gloss-cone mask. See
the Metrology Section: Veiling Glare and Lens Flare Errors (A101) for details on glare effects and appropriate
diagnostics.

THE FOLLOWING MEASUREMENTS ARE SPECIFIED:
The following measurements differ in only requiring a change in screen color (including black, white, and grays).
302-1 LUMINANCE OF FULL-SCREEN WHITE
302-2 LUMINANCE OF FULL-SCREEN BLACK
302-3 CONTRAST RATIO OF FULL SCREEN
302-4 GAMUT AND COLORSOF FULL SCREEN
302-5 GRAY SCALE OF FULL SCREEN
302-6 COLOR SCALESOF FULL SCREEN
302-7 COLOR CHANGESWITH GRAY SCALE
The following measurement specifies an adjustment of controls. It may be best if this measurement be performed
before final adjustment is made on the display during setup or be made after all other measurements have been
completed:
302-8 LUMINANCE ADJUSTMENT RANGE
The following measurement can be complicated and time consuming if not automated:
302-9 LUMINOUS FLUX
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302-1 LUMINANCE AND COLOR OF FULL-SCREEN WHITE AN2

(brightness*, white screen, screen brightness®*) SBM

DESCRIPTION: We measure the luminance and optionally
the chromaticity coordinates (also optionally the
correlated color temperature [CCT]) of full-screen white
at the center of the screen. Units: cd/m?, none for
chromaticity coordinates, K for CCT. Symbols: Ly, Xy,
Yw, hone for CCT.

The luminance of full-screen white (the screen’s
“brightness”) is one of the most important metrics for a
display and is used for several other measurements and
calculations.

SETUP: Display awhite full-screen test pattern. See Section 301 for any standard setup details.
SPECIFIC: Full screen white (see Fig. 1)

@S- EpaE

PROCEDURE: Measure the center-screen luminance and optionally the chromaticity coordinates (also optionally
the CCT) of full-screen white subject to above set-up conditions.

ANALYSIS: None. If you have made several measurements, you may calculate the mean values for full-screen
white.

REPORTING: Report the luminance (optionally the chromaticity coordinates) of full-screen white to no more
than three significant figures. If the CCT is measured it may be reported to four significant figures. If you have
made several measurements, you may report the mean values.

Reporting Results - Sample Data

COMMENTS: If you haven't aready tested the uncertainty in the
Full Screen Center Performance

luminance measurement, now is a good time to do it; see sections

Adequate Integration Time (301-2j) and Luminance L ) CIE CIE
M easurement Repeatability (301-2k) for instructions. Bear in : (cd/m’) X y
mind that all the full-screen measurements are made with the White 439 0.2717 | 0.285
same equipment configuration. To calculate the uncertainties

associated with this measurement, see A108 Uncertainty No Unitsfor Cg
Evaluations.

* Note: Luminance and brightness are not the same thing. Two colors can appear to have the same brightness and
exhibit different luminances. Brightness—a colloquial technical term—should not be used synonymously with
luminance. We include it here because of tradition and history. See Glossary and A201.
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302-2 LUMINANCE AND COLOR OF FULL-SCREEN BLACK

(black screen, black viewing surface, entire screen black)

DESCRIPTION: We measure the luminance and
optionally the chromaticity coordinates of full-
screen black at the center of the screen. Units:
cd/m?, none for chromaticity coordinates. Symbols:
Lb, X, Yo-

How dark the black screen is can greatly affect
the contrast and image quality of a display. When
images are displayed, the eye will often appreciate
darker blacks and higher contrasts that approach
what is observed in real scenes, especialy asthe
solid angle of any black areaincreases.

SETUP: Display ablack full-screen test pattern. See Section 301 for any standard setup details.

SPECIFIC: Full screen black test pattern

@S- EpaE

PROCEDURE: Measure the center-screen luminance and optionally the chromaticity coordinates of full-screen

black subject to above set-up conditions.

ANALYSIS: None. If you have made severa luminance measurements, you may calculate the mean value as the

luminance of full-screen black.

REPORTING: Report the luminance and optionally the chromaticity coordinates of full-screen black to no more
than three significant figures. If you have made several measurements, you may report the mean values.

COMMENTS: Luminance and especially chromaticity coordinate measurements of dark objects can be difficult.
Dirt, scratches, or dust on the display surface can affect the black measurement especially if the display
technology has a large change in luminance with viewing angle. Keep in mind that for some technologies the

establishment of the perpendicular (or the design viewing
direction) can be very critical to the measurement of black. Any
off-perpendicular measurement of black should be agreed upon
and clearly stated in al documentation and reporting. If off-
perpendicular black is permitted, a normal black should be
measured as well.

The uncertainties in the luminance and chromaticity
coordinates are essentially the uncertainties associated with the
LMD. The measurement of black quantitiesis often subject to
significant errors. Factors that contribute to the measurement of
black are the uncertainty of the instrument, the repeatability, and
the digitizing error (asin =1 digit in the last place of adigital

Reporting Results - Sample Data

Full Screen Center Performance

L CIE CIE
(cd/m?) X y

Black 0:131 0.247 0.242

No Unitsfor Cg

readout device). To calculate the uncertainties associated with this measurement, see A108 Uncertainty

Evaluations.
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302-3 CONTRAST RATIO OF FULL SCREEN .>K<
(contrast, full-screen contrast, full-screen contrast ratio, maximum contrast) SBM

DESCRIPTION: We calculate the contrast ratio of full-screen white and black. Units: none, aratio; symbol: Cg.
The full-screen contrast ratio is probably the second most notable metric for displays other than the
luminance of full-screen white. A display with high contrast capabilities is often better able to create more
realistic images and to provide better readability; especially when the black or dark regions of the image
constitute a substantial amount of the screen surface in which case the eye appreciates the greater contrast. The
full-screen contrast ratio is the most simple and reproducible contrast measurement to make.

SETUP: None. Measurements of full-screen white and black are made previously (302-1 and 302-2).

PROCEDURE: None. Measurements of full-screen white and black are made previously (302-1 and 302-2).

ANALYSIS: Calculate the contrast ratio Ck = L,/ L, . Reporting Results - Sample Data

Full Screen Center Performance
L CIE CIE
(cd/m?) X y

REPORTING: Report the contrast ratio to no more than three
significant figures using the values for L,, and L, obtained in the
previous sections. Report as a single number with or without a
colon, such as“232" or “232:1".

COMMENTS: The contrast ratio of adisplay is very sensitivetoan | Cr 243 No Unitsfor Cg
accurate black measurement. To cal culate the uncertainties
associated with this measurement, see A108 Uncertainty
Evaluations.

NOTE: The full-screen contrast ratio is the contrast metric that is always assumed
unless specified otherwise for direct-view display technologies (not necessarily
projection systems or any display that places a lens between the pixel surface and
the viewed image—head-mount, head-up, etc.). Any other contrast metric must be
properly identified explicitly if it is not this full-screen contrast ratio. We strongly
suggest the above Cr in any characterization of direct-view displays. If anon-
perpendicular viewing angle is used it must be reported with the contrast value.

For example, if someone simply says that the contrast of their display is such-and-such, it
must be referring to the full-screen Cg above. If abox contrast is used then it must be stated “the
box contrast is...,” similarly for a4 -~ 4 checkerboard contrast, “the 4~ 4 checkerboard contrast
is....” In any case we strongly suggest that the above Cr always be reported.

If aviewing angle is employed such as 4° up vertically and Cr = 400 whereas Cr = 250 for
the perpendicular we report as “ The viewing contrast at 4° vertically up from perpendicular is
400:1,” or “400:1 at 4° up.” If the contrast at perpendicular is also included, state it clearly: “The
contrast at the perpendicular is 250:1,” or “250:1 at 0°.”
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302-4 GAMUT AND COLORS OF FULL SCREEN >>K<
(gamut, display gamut, screen gamut) SBM

DESCRIPTION: We measure the luminance and chromaticity COLORS
coordinates (gamut) of the full-screen primary (optionally
secondary) colors at the center of the screen. Optionally, it
may be useful to measure selected colors specified by
certain signals (analog or digital) to measure how the
color is rendered by the display. Units: cd/m? for
luminance, no units for chromaticity coordinates.
%/mbds Lred' Lgrn' Lblu- Xreds Yreds Xgrn' ng. Xbolus Yblu for
primary colors (optionally for secondary colors, Leyn, Limag, Lyets Xeyns Yeyns Xmags Ymag: Xyels Yyel)-

The size of the color gamut affects the range and saturation of displayed colors. The location of the most
saturated primary colors within the color space identifies the size and shape of the gamut of possible colors
within the color space. Certain other colors may be important for specific tasks (see Comments).

SETUP: Display a colored full-screen test pattern. See Section 301 for any standard setup details.

SPECIFIC: Full screen primary (optionally secondary or other) colors

@S- EpaE

PROCEDURE: Measure the center-screen luminance and chromaticity coordinates of the full-screen primary
colors (optionally secondary colors) subject to above set-up conditions. Optionally, measure selected colors
within the gamut.

ANALYSIS: None. If you have made several measurements, you may calculate the mean values.

REPORTING: Report the luminance and chromaticity coordinates of al the full-screen primary (optionally
secondary or other) colors to no more than three significant figures. If you have made several measurements,
you may report the mean values.

COMMENTS: The 1931 CIE chromaticity coordinates are noted Reporting Results - Sample Data
here. However the use of the 1976 CIE (u”, v") chromaticity Full Screen Center Performance
coordinates is encouraged, see Photometry and Colorimetry L ClE CIE
(A201) for details. To calculate the uncertainties associated with (cd/m?) X y

this measurement, see A108 Uncertainty Evaluations.

Note: For any DUT the color gamut should be measured.
The SBM calls only for the luminance and chromaticity No Units for Cg
coordinates for the primary colors. _ Red 26.9 0.594 0.319
_ Other Colors: Someselecte_d colors may be_of pz_artlcular Green 56.2 0.299 0.606
interest, such as flesh tones, fabric colors, biological tissue Blue 12.0 0.145 0.068
colors, paints, foliage, blue sky, etc. These colors might be : - :
specified by a certain analog or digital signal. The signal isintended to produce a specific color. For some
applications, how accurately the display can produce the color may be important. The same procedure is used
for all full-screen colors.
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302-5 GRAY SCALE OF FULL SCREEN

(gamma, electro-optical transfer function)

DESCRIPTION: We measure the luminances of eight
(optionally 16) full-screen gray levels at the center of the
screen. Units: cd/m?no units for gamma (g). Symbol: None
for luminance levels, g for the gamma value.

Gray levels are generated by the voltages from a signal
generator or are specified by the bit level in a software
program as with the display with a computer. These input
levels to the screen produce different luminance values on FPD
the DUT. The relationship between the luminance and the specified gray level has alarge effect on the quality
of displayed pictures and images.

SETUP: Display each of eight (optionally 16) full-screen gray test patterns from black to white and arrange the
luminance meter to measure the luminance at screen center. The signal levels or bit levels producing the gray
levels are evenly spaced from the level producing white to the level producing black. In order to select the
appropriate gray level from alarge set of available gray levels, use one of the following models:

Bit Levelsin Software: Given n levels of gray that can be displayed on a screen, with O for black andw=n- 1
for white. We want to select a subset of mlevelsthat are as evenly spaced as possible. The interval between the
n levelsto create mlevelsis DV = w/(m- 1), which may not be an integer. So, the levelsto select are the
(integer) values of V; =int[(i-1)DV] fori =1, 2, ..., m, or V; = 0, int(DV), int(2DV), int(3DV), ..., int[(m- 1)DV],
with int[(m 1)DV] = w for white. For example, if there are n = 256 = 2 levels from which we select m= 8
levels, white isw = 255; the interval is DV = 36.4286, and the chosen levels are: O, 36, 73, 109, 146, 182, 219,
255.

Analog Signal Levels: For analog signals, if V,, isthe white level and V, is the black level, then for mlevels
the signal step sizeisbV = (Vi - Vp)/mand V, =V, + jDV.

SPECIFIC: Gray levelsfull screen (see Fig. 1). See Section 301 for any standard setup details.

ik )
@ i @ ; % He‘ @ Reporting - Sample Data
= Gray-scale luminance
PROCEDURE M easure the center-screen luminance of each of the eight Leve Lum.
(opt|pr_1ally 16) gray levelsincluding white and black subject to above set-up White (7) 106
conditions. Leve 6 313
ANALYSIS: None. :
REPORTING: Report the luminances of the full-screen gray levels to no more Level 5 255
than three significant figures. Level 4 3.5
COMMENTS: NOTE: For special purposesit may be useful to explore more Level 3 17.4
than eight or 16 levels. It may be necessary to explore all the levels of gray | Level’2 7.14
from black to white or any segmentsin that scale. For example, it may be Leveb-¥ 1.68
useful to examine the first 10 levels from black and the last 10 levelsto Black (0) 0.084

white. This procedure can easily be extended to provide such a detailed
coverage of the gray scale.
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302-5a Determination of “Gamma”
DESCRIPTION: We determine the electro-optical

transfer function (“gamma’) for the previousdata ~_ 120 ' ' ' ' '
taken in 302-5 Gray Scale of Full Screen.Units: ~_ 100t |
no units for gamma (g). Symbol: g g
When the gray scale of adisplay can be 8 80 | i

mathematically characterized by a power-law of —
the input signal, then it is often useful to extract - 60}t i
the value of that power g. @

ANALYSIS: AsinFig. 2 and the sample analysis LC> 40 + i
table, plot the log of the net luminanceL - L, I
where Ly, is the luminance of black against thelog .E 20 + .
of the gray level bit value (or signal level) V. £
Establish the slope of the line best fitting the log- 3 0 1 . . . .
log data. (We are using “log” to mean logso, “In” 0O 50 100 150 200 250 300
will be used for natural logs.) Use linear Gray—ScaIe Value. V
regression if possible or graphical techniques if '
you must. The slope of thislog-log graph is Fig. 1. Sample Luminance vs. gray scale (using a 256

historically referred to as the “gamma’ based onthe  bit gray scale).
mathematical model for the luminance defined

below (see Comments Section below). _P 25 Linear Regression:y = gx +b

REPORTING: Report the gamma value to no more =) | b=log(a) =-3.185 + 0.043 |
than three significant figures. g 2.0 9=2.173 + 0.021

COMMENTS: Some may argue that anonlinear fitto 1 (r = 0.99978)
the luminance data would provide a better model, :3 1.5¢ ]
whereas here we specify afit to the log-log data. e
The eyeisrelatively insensitiveto small changesin @ 8 1.0} 1
the higher luminance levels but is very sensitive to §
changes in the lower luminance levels. Fitting to = 05+t -
the log-log data can give a better fit to the lower 2
luminance levels when using some commercial = - ' - ' ' '
software packages, and most are more comfortable = 14 16 18 20 22 24 26
with the ease-of-use of the log-log slope extraction. Log Gray-Scale Value, x = log(V)
By virtue of requiring afit to the data, you obtain Fig. 2. Sample Log-log plot of luminance vs. gray
the values for parameters specifying the fit function < al.e ' '
from the fitting routine. Thelinein Fig. Lisa '
nonlinear fit to the luminance data providing a
gamma of g = 2.05 using the model:

L=ave+l,, Q)
or in terms of logs,
log(L - Ly) = glog(V) +log(a) . )

Here the parameters a and g relate the signal level V to the luminance L. The gamma we calcul ate from the
log-log representation (Fig. 2) of the dataisg= 2.17. To plot the log-log model result using 2.17 for gammain
Fig. 1 would almost overlay the drawn curve, however, there would be a slightly better fit to the lower
luminance values which would be hard to see on this scale.

Many display technologies will assume that alinear signal (either an analog signal or bit-level
specification) V will produce a nonlinear luminance L according to some model like Eq. (1). The nonlinear
luminance, however, appears linear to the eye because the eye is a nonlinear detector (see A209) asisthe ear.
The model expressed by Eq. (1) is not necessarily a rigorous model. For example, in television, there may be a
linear component substituted for low-level signals (e.g., Vi,/10 or smaller). See, for example, SMPTE Standard
170M, Composite Analog Video Signa—NTSC for Studio Applications. [5] There may also be gray-scale
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Analysis - Sample Data i
Levd | Scale [ Lum. | Net | Log | LogNet. Regortmg - Sample Data
\V/ L Lum. | scale Lum. ray-scale luminance
Lts 4 logv | log(L-Ly) Level Lum,
White (7) [ 255 [ 106 [405.9- 24065 [ 2.0250 White (7) 106
Leved 6 | 219 [ 813 sn22] 23404 | 1.9096 Level 6 81:3
Levd 5 | 182 | 55600555 | 2.2601 | 1.7444 Level 5 55.6
Level 4 [ 146 ~ 336 1335 | 21644 | 15253 Level 4 33.6
Levd 3 [109> \Pi7#” [ 173 [ 20314 [1.2385 Level 3 17.4
Levd 2 |73 744 [ 7.06 [ 18633 | 0.8486 Level’2 7.14
Levl 1 | 36 .68 | 160 | 1.5563 | 0.2030 Levehd 1.68
Black (0) | 0 0.084 | =L, Black (0) 0.084
Gamma from log-log plot (lin. fit) 217 Gamma 2.17

behavior that does not readily follow the simple model of Eq. (1)—see Fig. 3. In such cases it may not be
appropriate to determine a gamma value. Some gray-scales follow a gamma-type behavior for moderate to
high luminances but deviate from the model for low luminances. Other types of displays, e.g., LCDs, may
follow a gamma-type behavior for low and middle luminance levels but deviate from the model for the higher
luminances. In such cases whether or not agamma value is determined using only the data for which the
model fits depends upon the needs of those who are using the display. If agammavalue is calculated and
reported for data that do not fit our simple model well it should be noted in the comments of areport form. If
not all the data are used to calculate a gamma then what data are used to cal culate the gamma value should be
reported. Here, we would suggest that an adequate fit to the model is obtained whenever the correlation
coefficient |r| = 0.98, otherwise the correlation coefficient should be reported.

In Fig. 3 we show an example of aLCD where the curve flattens out as the luminance reaches the white
level. We might be tempted to refrain from determining a gamma value from such data since it doesn’t fit a
straight line in log-log space very well. However, if we were to fit these log-log datato a straight line, we
would obtain afit result with a correlation coefficient above 0.98. This shows that |r| 2 0.98 can constitute a
rather sloppy fit. Whether or not to use such a simplistic linear fit method to such data should be determined
by all interested parties. Perhaps there is another fitting function that is more suitable and nonlinear regression
methods would provide results that are more useful.

10 T T -
LCD Example _ 100} LCD Example
—~ 80} ' Linear fit: y=gx + log a
~N -
£ Pt
g 60F S 10}
1
8 > .
c 40t )
© o ® g= 2186+ 0.097
£ = 1k (]
g g loga=-3.24+0.20
20} = . -
3 e r = correlation coefficient = 0.987
=1
|
) ) ) . © ,
% 50 100 150 200 250 z 015 100
. o))
Gray-Scale Bit Level, V S Log Gray-Scale Bit Value, x = log(V)

Fig. 3. Example of the electro-optical transfer function for a liquid crystal display where the curve flattens out
near the white level. The right figure shows a linear fit to these data.

“ ]
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302-6 COLOR SCALES OF FULL SCREEN

(color gammas, electro-optical transfer functions for colors)

DESCRIPTION: We measure the luminance scale of the
primary (optionally secondary) colors as eight (optionally
16) full-screen color levels go from highest luminance of
the color to black and optionally calculate a “gamma’
value for each color. Units: cd/m? no units for gammas.
Symbol: None for luminance levels, goor (€.9. Ged s Gym »
o , for RGB) for gamma values.

Color levels like gray levels are generated by the
voltages from asignal generator or are specified by the bit
level in a software program as when the display is part of a computer. This measurement procedure is similar
to the 302-5 Gray Scale of Full Screen procedure, refer to it for more details, plots of data, an example of
analysis, and an example of reporting.

SETUP: Display each of eight (optionally 16) full-screen color test patterns from black to the highest color
luminance and arrange the luminance meter to measure the luminance at screen center. This should be done
for each primary (optionally secondary) color. The signal levels or bit levels producing the color levels are
evenly spaced from the level producing highest color luminance to the level producing black. In order to select
the appropriate color level from alarge set of available color levels, use one of the models outlined in 302-5.

SPECIFIC: Color levelsfull screen (see Fig. 1).
e pe|| L y || A |
+ |4 @™ - P (0

PROCEDURE: Measure the center-screen luminance of each of the eight (optionally 16) color levelsincluding
the highest color luminance and black subject to above set-up conditions.

ANALYSIS: No analysisis needed if gamma values are not required. Plot the log of the color level bit value (or
signal level) V against the log of the net color luminanceL - L, , where L, is the luminance of black. Establish
the slope of the line best fitting the log-log data. Use linear regression if possible or graphical techniquesif you
must. The slope of thislog-log graph is historically referred to as the “gamma’ based on the mathematical
model for the luminance: L = aV ¢ + L,,. See 302-5 for any details.

REPORTING: Report the luminances of the full-screen color levels to no more than three significant figures for
each primary color. Optionally report the gamma value.

COMMENTS: There may be color-scale behavior which does not readily follow the simplemodel L = ave+ L, .
In such cases it would not be appropriate to determine a gamma value. See 302-5 Gray Scale of Full Screen for
amore compl ete discussion of gamma. The uncertainties in the luminance and chromaticity coordinates are
essentially the uncertainties associated with the LMD—see A108 Uncertainty Evaluations.

NOTE: For special purposesit may be useful to explore more than eight or 16 levels of a particular
primary or secondary color.

NOTE Other Colors: Colorsthat fall inside the color gamut of the display are mixes of the primaries
(secondary colorsfall approximately on the gamut lines and are not considered interior colors). Except for
white, all theinterior colors use intermediate levels of at least one of the primaries. If more than one level of
a certain color isrequired, the model used to mix the levels of the primary colorsin order to define that
special color scale must be determined to the satisfaction of all interested parties. The above specification for
bit levels in software or analog signal levels does not apply to interior colors except for white. The above
measurement procedure can easily be extended to accommodate these special requirements.

COLORS
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302-7 FULL-SCREEN GRAY-SCALE COLOR CHANGES

(gray color shift, color temperature shift, color tracking)

DESCRIPTION: We measure the color change
as eight (optionally 16) full-screen gray
levels go from white to black by either the
maximum correlated color temperature
(CCT) shift or the maximum bu’v” color
metric or both. Units; K for CCT, none for
the color metric. Symbol: none.

Color shiftsthat occur as grays darken
and approach black can be observed in a
number of display technologies. Often thisis
not a problem, but for some applications this
phenomena can affect the usefulness of the display.

SETUP: Display each of eight (optionally 16) full-screen gray test patterns from black to white and arrange the
colorimeter to measure the luminance and chromaticity coordinates at screen center. The signal levels or bit
levels producing the gray levels are evenly spaced from the level producing white to the level producing black.
For more details about the gray level see a previous measurement Gray Scale of Full Screen (302-5) in this
section. . See Section 301 for any standard setup details.

SPECIFIC: Gray levelsfull screen (see Fig. 1).
es| | T s
vdrale O Jes - e

PROCEDURE: Measure the luminance and chromaticity coordinates at screen center for each of the eight
(optionally 16) gray levels.
ANALYSIS: Calculate the color difference between each gray level and white full screen according to (see A201

GRAYS

for adiscussion of this color metric):  Du®/¢= \/(ug, -ue)?+ (v - OR It may be useful to

identify the maximum color difference and calculate the average color difference for reporting.

REPORTING: Depending upon the needs, the largest color difference might be reported, the average color
difference, or the entire table of color differences.

COMMENTS: All these eight (or 16) gray or color level measurements from this and any previous measurements
can be combined into one table for reporting convenience. For a discussion of the bu’v” color metric, see
A201, Photometry and Colorimetry Summary. Another color-difference metric may be used instead of bu’v’.
Be sure to note which metric is used in any reporting document. To cal cul ate the uncertainties associated with
this measurement, see A108 Uncertainty Evaluations.

Reporting
Sample Data
Analysis— Sample Data Gray-scale luminance
Level \ X y u’ v bu'v’ Leved DUV
White (7) 255 0.3127] 0.3291] 04978} 0.4684 - White (7) =
Level 6 219|  0.3165] 0.3289|<\0.2005/0.4688  0.0028 Levd 6 0.0028
Level 5 182 0.3239| 0.3279))) 0.2061] 0.4694|  0.0083 Levd 5 00083
Leve 4 146| 0.3365| 0.3264|", 0.2156] 0.4705|  0.0179 Leve 4 0.0179
Leve 3 109| 0.3532}. \0:3211] 0.2298 0.4701]  0.0321 Leve 3 0.0321
Level 2 73| 0:3719]0.3039| 0.2520| 0.4633] 0.0544 Leva2 0.0544
Level 1 36| 0.4027|" 0.2807| 0.2896| 0.4541  0.0929 Level 1 0.0929
Black (0) 0| 0.4513| 0.2524] 0.3522] 0.4431  0.1564 Black (0) 0.1564
Maximum color shift (bu'v’) 0.1564 Maximum bu’v’ 0.1564
Average color shift 0.0521 Average bu’v’ 0.0521
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302-8 LUMINANCE ADJUSTMENT RANGE

(brightness range, dimming range, percent of luminance variation, dimming ratio)

NOTE: Adjustment of controls can possibly invalidate all previous measurements. We suggest
that you perform this measurement during setup(but after warm-up) or make it the last
measurement made. If additional luminance (or color) measurements are to be made, the
display must be returned to its proper setup configuration for normal operation under
standard conditions.

Note: This section applies only for displays that have luminance adjustment capabilities. Luminance adjustment
may be implemented in various ways (via software control or in hardware), such as by a potentiometer, or by
digitaly interfaced implementations, such as use of keyboard keystrokes.

DESCRIPTION: Here we measure the luminance adjustment range from maximum and minimum [uminance (if
such an adjustment is provided) using the center measurement of a white full screen. Units: none, expressed in
percent. Symbol: none.

The luminance adjustment range is the extent to which the full-screen white luminance of aDUT may be
adjusted between maximum and minimum brightness with the gray-scale capability preserved as per the setup
gray scale (32 gray levels, or however many gray scales agreed upon by al interested parties).

SETUP: Display full-screen white during the test. For displays having additional adjustments that can affect the
luminance adjustments, the contrast should be pre-adjusted as per the setup section 301-3, and should not be
touched during this measurement. However, certain displays are deliberately adjusted to retain the gray scale
while the luminance of the full-screen white is adjusted (such as CRT displays used in varied environments). If
such a gray-level preservation adjustment is made, it must be fully described in the reporting document. On
some displays, the controls can be manipulated to, in effect, turn the display off so than Ly, < Lp. We specify
that Ly, must be the minimum luminance without turning the display off. The gray scale must be preserved
for al luminance levels employed for the defined task.

Note: If other measurements must be made after thistest it is important to document the control settings
prior to adjustment by whatever mechanical or software method available as well as a luminance measurement
of the gray scale, so that the DUT can be returned to the luminance and gray scale it exhibited before this
measurement. See Section 301 for any standard setup details.

SPECIFIC SETUP: Center measurement of full-screen white.

+ 1 P[] &

. [EaE===aun]
— PEEEN
i i
\
R

PROCEDURE: Record the maximum luminance on the reporting sheet (Lma). Adjust luminance for minimum.
Allow for luminance stabilization as per the standard warm-up time (20 min), then measure luminance.
Report this number as minimum luminance level (Lyn).

ANALYSIS: The Adjustment range is the percentage of reduction of luminance from maximum to minimum
luminance. It can be calculated as follows.

. Log - Lo
%Adjustment = 100% —m& ~ —min

max
Where %Adjustment = the Luminance Adjustment Range, L = maximum luminance, and L, = minimum
[uminance.

REPORTING: Report maximum luminance level (L ), minimum luminance level (L), then calculate and
report Luminance Adjustment Range (%Adjustment). For example, for aDUT that has maximum luminance
of 200 cd/m? and minimum luminance of 20 cd/m?, the adjustment range is 90 %.

COMMENTS: On many technologies, it isimportant to allow the DUT adequate warm-up time for each
luminance level setting before measurements are made, just as when the DUT isfirst turned on.
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302-9 LUMINOUS FLUX

DESCRIPTION: We sample the illuminance from the white full screen at a number of anglesin the hemisphere
in front of the screen in order to obtain a approximate average value for the luminous flux. Units: Im.
Symbol. F.

Several methods have been used to measure flux. One involves alarge integrating sphere, but the experts
tell us that because of the size of the displays and the fact that many displays (such as laptop computers) have
large areas of light-absorbing material, the integrating sphere method is either impractical, difficult, or very
uncertain. The method we use here involves goniometric illuminance measurements converted to luminous

flux.
SETUP: White full screen.

T | § a5
vdr dwel O Jegl T8

SETUP: Prepare to measure the illuminance from a
white full screen as afunction of angle from and
around the normal using a goniometer and
cosine-corrected illuminance meter. Theradiusr
of the goniometer hemisphere must be sufficient
to include the entire surface of the screen
(obvioudly), and the plane of the screen must lie
in the plane defined by the hemisphere, but the
exact centering of the screen at the center of the
hemisphere is not critical (provided a cosine-
corrected illuminance meter is used). The
illuminance meter must fixed at the position of
the radius of the hemisphere and must have its
normal be directed toward the center of the
screen, i.e., dways facing the screen.

Note: The illuminance meter measurement at
each position must not be corrupted by reflections
off of parts of the apparatus including the any
bezel, mount, or holder for the screen, the positioning apparatus, etc., or reflections from the walls or other
items in the room—even reflections from items behind the display must be controlled.

PROCEDURE: Define n inclination angles g; from the normal fori =0, 1, 2,..., n—see the figure. Let the normal
be q,= 0° for i = 0. The q; need not be equally spaced between 0° and 90°. For each angle g; a number N; of
measurements will be made at equally-spaced anglesfj; = j 2p°/N; forj =0, 1, 2,..., N; - 1 with respect to the
x-axis (horizontal to the right) in the counterclockwise direction. Here we define at the normal position Np = 1
(withonly j = 0) and f oo = 0. Note that the f;; are equally spaced angles around the complete circle in this
formalism; whereas the g; need not be equally spaced. Further, the N; need not be the same for each annular
ring identified by g;. Theincrement inf istherefore bf = 2p/N; . Measure the illuminance E;; = E(q;,f ;) from
the screen at each location (g;,f ;) using a cosine-corrected illuminance meter. at asingle radiusr.

ANALYSIS: For each inclination angle q; for i > 0 we associate an annular ring on the surface of the hemisphere.
At the perpendicular position where g = 0, we have a spherical cap. The luminous flux (in lumens, Im) will be
given by

=]
=z
o

_é a Ej@i.f)w; - «y

where wj; is the solid angle associated with the each equal increment inf (Df = 2p/N; with bf = 2p for i = 0 and
N; = 1) confined between the angles halfway between the selected (not necessarily equally spaced) q;:
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ie
i 29? - 00525%93 forqg =0 (thecap, i = 0),
e e 2
o6 _ . R
Wij = %Z_pgcos?h.l*'(h 2_ CO&;H" +q|+lgg’ fOI‘ O< | <n, fOI‘eaChj, (2)
iNie ¢ 2 o & 20
.I. Py
"'ECOS?LWQ, for i = n, foreach j.
f Ny e 2 o

Taking advantage of the fact that all the f increments are equal allows us to write the luminous flux as

z

n -1
i-0 j=0

is the sum of the illuminance contributions around each annulus (E, is the luminance at the location of the cap
at qo = 0), and where the solid angle of each annulusw is given by

i g
i ngl- cos(}m—lgg, forqy =0 (thecap, i = 0),
i e e 2 a0
| L, ) . . IR
P TR TR, R @
i & e 2 4 e a0
T .
i 2pcosgag‘” 1909 for j=n,
} e [2}

REPORTING: Report the luminous flux F to no more than three significant figures.

Hrmph! This looks
more like a comic
book than an
international
standard!
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303 % 303 DETAIL AND RESOLUTION FACTORS
| 303 DETAIL, RESOLUTION, AND ARTIFACTS I

Measuring the ability of the display to properly render detail often
amounts to a measurement of high contrasts of small areas—a most difficult
measurement to make. If you are not intimately familiar with some of the
techniques for accounting for glare, do see the Metrology section in the appendix
under Veiling Glare and Lens Flare Errors (A101-1) for some hints about
making better small-area contrast measurements. Here we describe methods to
make several measurements of detail contrast.

303-1 LINE LUMINANCE AND CONTRAST
303-2 N~ N GRILLE LUMINANCE AND CONTRAST
303-3 PIXEL FILL FACTOR
303-5 INTRACHARACTER LUMINANCE AND CONTRAST
The following procedure describes how a certain type of luminance artifact can be measured.
303-4 SHADOWING (LARGE AREA CROSSTALK)
The following is a means of characterizing pixel defects:
303-6 DEFECTIVE PIXEL ANALYSIS

The following discusses a method to determine resolution vs. addressability:

303-7 RESOLUTION FROM CONTRAST MODULATION

e ———— -

Look, I've been measuring
contrast for years, and
I've never had to worry
about veiling glare!

RUSTIC METROLOGY
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% 303

303-1 LINE LUMINANCE AND CONTRAST

WARNING

This measurement can be grossly
inaccurate unless proper accounting
(and/or correction) is made for
veiling glare or lens flare (A101-2).

DESCRIPTION: Measure the luminance of a single-pixel vertical
(optionally horizontal) black line and the luminance of its
white background (positive configuration) attempting to
correct for some of the veiling glare in the LMD. Calculate
the contrast. Units: cd/m? if absolute luminance is needed,
none for contrast (aratio). Symboal: C,.

The display of ablack character on awhite screen can be

one of the most important functions of adisplay used in a
workplace environment. Unfortunately, measuring the
luminance or contrast of a black character is difficult and

usually very inaccurate. Rather than measuring a character,
we recommend a single line in order to provide a more
reproducible measurement. See the Comments Section below
for more discussion. One contrast metric employed is the ratio

of the luminance of the white areaL,, to the luminance of the
black line Ly

CL = Lu/Lp

without glare corruption from, for example, the lens system of
the LMD or reflections between the LMD and the FPD. Other

metrics that quantify the visibility of the line may also be RGB

RGB [ sCANNED

employed provided they are documented and all interested ON OFF

parties agree to their use. REGION
Note: (1) In this measurement a horizontal line can be

used, or perhaps a measurement of both vertical and S h mﬂ ﬂ-ﬂ

horizontal lines will be desired. The procedure is the same for J/

horizontal lines as for vertical lines; read “horizontal” rather i Q 0 ,

than “vertical” in the following procedure should horizontal
lines need to be measured. Additionally, if it isdesired to

measure the luminance or contrast of a white line on a black
screen (negative configuration), the same procedure can be —N

) . . . (pixel pitch = window)
used with “black” and “white” switched around. (2) Black and
white are described here. Gray levels (or colors) may also be S T TS
used provided al interested parties are in agreement and all g d
reporting documentation clearly describes any changes. —— RAW DATA
SETUP: Generate a single-pixel wide vertical black line near the m— WINDOW AVERAGE

center of an otherwise white screen on the DUT. Arrange to scan an integral number of horizontal lines
(preferably three or more, that is, scan aregion equal to an integral number of vertical pixel pitch increments;
the figure shows four lines being scanned). The LMD must be photopic and linear but need not be calibrated in
cd/m? unless aluminance value is required rather than aratio of luminances. See Section 301 for any standard

setup details.

SPECIFIC: Equipment: Scanning or array LMD. Test pattern: single vertical line generated near center screen.
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L@ W E = (o

PROCEDURE: With an array or scanning LMD, obtain the luminance profile of the vertical black-pixel line and
the white region. Obtain the net signal Sas afunction of distance with any background subtracted (thisis the
background inherent in the detector if a nonzero signal exists for no light input). A correction for veiling glare
S must be made (see A101-1 Veiling Glare and Lens Flare Errors for proper procedures). See the figure for an
illustration of the pixel configuration and data.

ANALYSIS: Perform arunning window average (moving-window-average filter, see

A218 for details) of the luminance profile where the averaging window width is Analysis

as close as possible to the pixel pitch as rendered by the LMD. For an array (Sample Data)
detector this is however many detector array pixels are needed to cover one Gl_are: S 1772
display pixel. There should be at least 10 or more detector pixels per display High: S, 9331
pixel, if possible. For example, if an array detector is used and with the Dim: & 4239

magnification of the imaging lens there are 53 array pixels which cover the DUT S=S-§ | @559
pixel pitch, then the running average window width is 53 array pixels wide. From S=S-§ 2467

the resulting modulation curve determine (1) the net level of the vertical black CL =S¢ 3.1
line§ = & — S, where § is the minimum (dim) of the vertical black line
generated by the DUT, and (2) the net level of the white area on the sides of the Reporting
black line S, = §, — §, where §, is the average level (high) of the white area (Sample Data)
(proportional to the full-screen white luminance perceived by the eye). Compute S 1772
the small area contrast ratio C, = S,/S, for the character or stroke contrast ratio. S, 7559
In summary: S 2467
i §; = glarecorrection C. 31
S =S S, .S, = whitelevel (high)
Sy =S-S5 'S, = black level (dim)
C.=S,/S, , Where T S, = net whitevalue
c S-S I's, = netblack value
m= |
Sw*+ S i C, = linecontrast

%Cm = Michelson contrast

REPORTING: Report the line contrast ratio to no more than three significant figures. It also may be useful to
report the values of the glare correction, net white, and net black signals.

COMMENTS: The method outlined above provides an approximation to the contrast of aline and may be an
approximation to the stroke contrast of a character. Character contrasts are difficult to measure accurately
because the contributions of glare can be different for each part of the letter. This nonuniformity is not
necessarily because the letter changes its blackness, but because the recording lens system produces different
amounts of glare depending upon the size and shape of the black area measured. For more details on obtaining
an approximate veiling-glare correction see the Metrology Appendix: Veiling Glare and Lens Flare Errors
(Accounting for Glare in Small-Area Measurements—A101-2).

This measurement is understandably easier when awhite line on a black screen is measured—the
negative configuration. (Under such conditions even character stroke contrasts can be attempted with greater
ease.) For the negative configuration (white line on black), the correction arising from glare will be much
smaller than with a black line on awhite screen, and may possibly be negligible. The window averageis
performed and the peak of the window average is used for S, (an average cannot be obtained because thereis
only one white line). However, an average can be obtained for the dark measurement ;.
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303-2 N° N GRILLE LUMINANCE AND CONTRAST

WARNING

This measurement can be grossly
inaccurate unless proper accounting
(and/or correction) is made for
veiling glare or lens flare (A101-2).

DESCRIPTION: Measure the small area luminances at the
center of the screen of horizontal and vertical grille test
patterns consisting of alternating white and black
horizontal or vertical lines covering the entire screen.
Calculate the contrast ratio obtained (or other suitable
contrast metric). Units: cd/m? if absolute luminanceis
needed, none for contrast (aratio). Symbol: Cg
(optionaly Cy)

The difficulty is to accurately determine the
luminance of the black line L, between white lines L,
of the same width without corruption from, for
example, the lens system of the LMD or reflections
between the LMD and the FPD. We call for the
contrast ratio Cg = L, /Ly, , here, but other contrast
metrics may be used provided they are documented
and all interested parties agree to their use.
[Optionally, the Michelson contrast is Cp, = (Ly, —

Lp)/(Lw *+ Lp).] Ann~ ngrilleiseither horizontal or
vertical alternating white and black lines each having

awidth of n pixels. It isimportant in such

measurements to attempt to account for any contrast- - % m - H
OFF

reducing glare (veiling glare) in the measurement SCANNED REGION

system. One use of Cp,isfound in 303-7 in n
determining the actual resolution of a display. ’Lﬂ h ” H
\I/ ( 0 0

Note: Black and white are described here. Gray
levels (or colors) may also be used provided all 4
interested parties are in agreement and all reporting
documentation clearly describes any changes.

SETUP: Alternatively display a horizontal grille and S
then avertical grille test pattern and arrange for a d (pixel pitch - window)
spatially resolving LMD to measure the luminance T T —— RAW DATA
profiles at screen center. Start with 1~ 1 grilles. S g m— \\/INDOW AVERAGE

Some display technologies will display a noticeable

flicker when displaying a1~ 1 horizontal grille; should that be the case, thenusea2 - 2 horizontal grille

instead. A correction must be made for veiling glare (see Veiling Glare and Lens Flare Errors section A101-1).

Arrange to measure an integral number of rows (or columns). See Section 301 for standard setup details.
SPECIFIC: Equipment: Scanning or array LMD. Test pattern: horizontal grille, vertical grille.

@S EAE 0

PROCEDURE: With an array or scanning LMD, measure luminance profiles for both horizontal and vertical
grille patterns subject to above setup conditions. Obtain the net signal Sas a function of distance with any
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background subtracted (this is the background inherent in the detector if a nonzero signal exists for no light
input). A correction for veiling glare S; must be made (see A101-1Veiling Glare and Lens Flare Errors for
proper procedures). See the figure for an illustration of the pixel configuration and data.

ANALYSIS: Perform arunning average (moving-window-average filter, see A218

for details) of each luminance profile where the averaging window width is as
close as possible to the pixel pitch as rendered by the LMD. For an array detector
thisis however many detector array pixels are needed to cover one display pixel.
There should be at least 10 or more detector pixels per display pixel, if possible.
For example, if an array detector is used and with the magnification of the
imaging lens there are 53 array pixels which cover the DUT pixel pitch, then the
running average window width is 53 array pixels wide. From the resulting
modulation curve determine (1) the net level of the grille black lines S, = & - S,
where §; is the minimum of the grille black lines, and (2) the net level of the
grille white lines between the specified black lines S, = S, — §;, where S, isthe
average maximum of the grille white lines. Compute the grille contrast ratio

Ce = S/ for horizontal and for vertical grille patterns. In summary:

i S, = glarecorrection

Sv=S- S © S, = whitelineaverage(high)
S =SS, %Sd = black lineaverage(dim)
Ce=S,/S, - where | S, = net whitevalue
Cm:M 'S, = netblack value

Su* S i Cg = grillecontrast

% C,, = Michelson contrast or contrast modulation

Analysis
(Sample Data)

Orientation er.
Grille 1x1
Glare: § 1772
High: S, 7559
Dim: § 2467
S=S-5 | 5187
S=S-§ 695
Ce =S//S 8.3
Cn 0.786
Orientation or.
Grille 2x2
Glarer§ 1342
High: S, 7623
Dim: § 1983
Sv 6281

S 641

Cs 9.8
Cn 0.814

The sample data shown here are net CCD counts from a photopic camera. The CCD counts S are only

proportional to the luminance values.

REPORTING: Report the grille contrast ratio Cg as a number to

e X Reporting Results - Sample Data
no more than three significant figures. Also report the type of Grille Horizontal | Vertica
grille pattern used. It is suggested that the mask, net white, Contrasts Grille Grille
and net black signals be presented as well. The luminance of : :

. . i . Grille type: 2%72 2x2
the white and black lines may be reported if the deviceis yp X d
. X Cs 3.1 2.3
properly calibrated for absolute luminance measurements. 3 7 2 o/
COMMENTS: Grille contrast ratio measurements are required w 13.8 ¢ u 9.82¢ u
for the determination of true resol ution because spatial Lo 4.45 od/ ut 4.41cd/ ut
resolution capabilities of the DUT may or may not be closely Lave 9.13 ed/m 7.12 cd/m

correlated with the addressability. The contrast ratio of adisplay is very sensitive to an accurate black

measurement, and hence any veiling glare measurement, see Uncertainty Evaluations (A108) in the Metrology
Appendix. There may be complications associated with making small area contrast measurements, see Veiling

Glare and Lens Flare Errors (A101).

- w{]
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303-3 PIXEL FILL FACTOR

DESCRIPTION: We measure the pixe fill
factor using an area LMD or calculate
it based on design parameters. I I I

The pixel fill factor is the amount
of the area producing useful luminance
compared to the amount of the area
allocated to the pixel. Fill factors that
are not 100 % can influence display
quality from an ergonomic standpoint.

Note that some displays have R G B
well-defined pixels because of a known
black matrix. In such cases the pixel
fill factor may be calculated from
geometry.

In the example at the right, what
might be atypical TFT LCD subpixel
arrangement, a60H ~ 50V array
detector measures asingle pixel. The
pixel sizeis46 - 46 or 2116 detector
pixels, the red, green, and blue

subpixels are each covered by 420
detector pixels Thefill factor is =

_ 420+ 420+ 420 _ 4 595 0r 0% .
2116

In what follows we refer to subpixels Fig. 1. A60H x 50V array detector measuring a single pixel.
for the case of color displays. Should a
monochrome display be measured, read “pixel” instead of “subpixel.”

SETUP: If the subpixels are relatively uniform (20 % of average luminance) and well-defined (sharp edges
visible where the average luminance of the subpixel is attained from the black surround within a distance of
10 % of the smallest horizontal width or height of the subpixel), then it is possible to calculate the fill factor if
the pixel design parameters are known or can readily be measured. If the pixels are not uniform in luminance
cross-section, arrange for either a scanning or array LMD to measure the area luminance of the subpixels over
the entire area of at least one typical pixel.

SPECIFIC: Equipment: Scanning or array LMD. White full screen.

q R | R =, R

L@ WS

PROCEDURE & ANALYSIS:
Well-Defined Subpixels: For many display technologies the subpixel matrix mask and resulting pixels are
well-defined and relatively uniform (say £20 % of the average luminance). In such a case, the fill factor can be
calculated from geometry if the design spatial parameters are known, or it may be calculated by measuring the
sizes of the subpixels: Sum up the area of the subpixelS S= S + Sym + Suiw and divide by the area allocated to
the pixel a= Py Py, where 5 isthe area of each subpixel, Py isthe pixel pitch in the horizontal direction, and
Py isthe pixel pitch in the vertical direction. Thefill factor isf = g/a.
Non-Uniform Subpixels: With other technologies where the subpixel is not uniform in its cross-section as
viewed, a spatialy resolved LMD must be used to measure the luminance distribution of each subpixel. The
LMD need not be calibrated in units of luminance, but it should be linear over the range of luminances
measured. Using awhite screen, select one pixel near the center of the screen that appearsto be typical (10 %
of average in the center region). For each subpixel i within that pixel determine the peak subpixel level S.
L ocate the darkest detector pixel in the near vicinity of the selected pixel (such as within the black matrix
mask that separates the subpixels or within some other available structure that is black) then determine the
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minimum of the black area (its dimness) S;. This dimness value includes the true black value S, and any
additional glare §;sothat § = S, + S, We will call the measured luminance of any detector pixel within the
subpixel S(x,y), where (x,y) denotes the location of the detector pixel. The net luminance of each detector
pixel within any subpixel is then the measured luminance with the true black value and the glare subtracted
Kixy) = S(Xy) - §- S =S(xy) - S The net maximum luminance is given by § —§,— S,. Now, determine
the area s (in number of detector pixels) of each subpixel for which the net luminance of that subpixel K;(x,y)
is not less than a certain threshold fraction t of the net maximum luminance: Ki(x,y) ¢ t (S —§—-S) or
Ki(xy) 2 t (S — ). We can rewrite thisin terms of the measured quantities S(X,y) 2 S+t (S - Q)

=t§ + (1- t)&, which we probably could have written down directly. The threshold fraction t used should be
reported. We recommend either 5 % (t = 0.05) or 10 % (t = 0.1). Thefill factor isthen defined asf = g/a,
where s =S5 isthe area (in detector pixels) of al subpixels brighter than the threshold relative to each
subpixel, and a = Py Py, isthe area allocated to the entire pixel. Some documents use a 50 % threshold.
However, the eye perceives the size closer to the 5 % or 10 % threshold. Note that the veiling glare does not
ultimately have to be measured explicitly sinceit isimplicitly contained within S;.

It is recommended that the magnification of the optical system be sufficiently high such that the smallest
horizontal or vertical dimension of each subpixel can be resolved and quantized by at least 10 detector pixels
(preferably more) assuming an array detector is used. Use a calibrated ruler such as a graticule scale for a
measuring loupe or a microscope calibration ruler in order to determine the size associated with each array
detection pixel should their areas need to be measured. Then simply count the number of array detection pixels
that have aluminance greater than or equal to the threshold §; + t (S — ;) for each display subpixel within a
pixel.

Keep in mind that if an optical system is used such as a microscope or a system where the lens of the
LMD subtends a significant angle (large q.), the uncertainty in the measurement increases. The lens subtense
limit specified in this document is 2° and is difficult to maintain in producing high-magnification images
unless a long-distance microscope is used. Tests may have to be done to assure that too wide a lens subtense
angle will not perturb the measurements; see A103 under Diagnostic—V erification of Subtense Angle
Suitability of the LMD. Most will be faced with using a lens system that exceeds the 2° limit. If that is the
case, a note of the optical arrangement should be made in the reporting document. In all cases report the fill
factor and the threshold fraction employed.

REPORTING: Report the threshold (if used), the area of the display pixel, the area of the display subpixels above
the threshold (if used), and the fill factor. Report the fill factor to no more than three significant figures. When
reporting in percent, round off to the nearest integer percent.

COMMENTS: None.

Reporting
Sample Data
Threshold 10
Pixel Area 6724 px
Filled Area 3792px
Fill Factor 0564
in percent_}.56
Analysis of Sample Data (Using an Array Detector)
Threshold t 10 Luminance of black area, Sj-(Counts) 7296
Pixel coverage by detector pixels 82x 82 Pixel area a in detector pixels\(detector pixels) 6724
Subpixel Maximum Luminance Threshold Level Area Above Threshold
S, (incounts) t§+(1- 1), (incounts) (in detector pixels)
Red 21757 8742 1239
Green 27268 9293 1381
Blue 20774 8644 172
Total area above threshold in 3792
detector pixels
Fill factor 0.564
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303-4 SHADOWING (GRAY-SCALE ARTIFACTS)

(cross talk, large area cross talk, cross coupling, streaking, trailing)

Patternsfor Shadowing Testing: There are atotal of ten patterns used in this

DESCRIPTION: Measure the worst-case shadowing in eight-levels of gray. Testing pattern sample:

Units: Percent perturbation of the luminance of the gray level. Symbol:
None.
Shadowing refers to how one part of the screen can affect another part
of the screen usually along rows or columns. Since the eye is a good edge
detector, the dightest amount of shadowing usually is objectionable and may
be found to be difficult to measure accurately. Shadowing isillustrated in
Fig. 1 in the third screen from the top. What we measure here is worst case
luminance shadowing of eight levels of gray. There can be similar effects Measuring areas:
with colors where the luminance may or may not be affected significantly. A
color shift metric such asbu’v” or DE could be used (see A201).

SETUP: Note that all the patterns referred to in the setup below can be found in A
the files FPDMALL.???. However, the levels of the gray boxesin the five B C D
positions and the background must be changed appropriately for the worst-
case shadowing (to cover all possibilities would require 560 frames). E

Establishment of Wor st-Case Shadowing: Using a series of diagonal boxes of

eight gray levels, change the background gray level over al eight gray levels
(other patterns are acceptable so long as all combination of the eight gray
levels are examined for shadowing). Look for the worst-case of shadowing.
It may be necessary to quickly measure the shadowing: If L is the perturbed
luminance of the background and Ly is the background luminance without
perturbation, then the shadowing measure is |Ls - Lig|/Lug. Once the worst
case shadowing gray levels have been determined, Gy and G, proceed to Meastfement
the next part of setup. locations

Measurement example:

measurement: five single box patterns and five full-screen gray-level
patterns interleaved. The sequence of five box patterns has a box
sequentially placed (A) above, (B) to the l€eft of, (D) to theright of, (E)
below, and (C) at the center of the screen, one box for each pattern (thisis

the reading order in several languages: left-to-right, top-to-bottom). The '¢' '¢'
edge boxes are centered along the closest side. The box sides are
approximately 1/5 to 1/6 the width and height of the screen, and the box is
separated from the edge of the screen by approximately half its width or
height—see Fig. 1. Placement of the boxes should be +5 % of the linear
dimensions of the screen. The gray level of the boxesis Gs and the
background gray level is Gyg. Each one-box pattern is separated in the
sequence by a blank full screen of gray level Gy See Section 301 for any

Fig. 1. Testing pattern,
sample box positions, and
measurement example with
box at C position.

standard setup details.

Lo @™ D~ ] <

PROCEDURE: After having selected the worst-case shadowing during the initial setup, start with an edge box,

for example, at the B position. Measure the luminance at center and at the position opposite to the box
(position D). Go to the next pattern without the box and measure at positions C and at the center. Repeat this
procedure for the other edge boxes (at A, D, and E). When the box is at the center position C measure at each
of the other box positions A, B, D, and E (not at center, obviously). The exact position of the area at which the
measurement is made does not need to be precise, within +5 % of the linear dimensions of the screen will do.
Determine the worst case shadowing configuration (worst case being the greatest change in luminance with
and without the box present). Select the worst case shadowing box position from all the measurements made
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and secure the LMD in the position to repeat the measurement of the worst case configuration. With the LMD
in a secure position so it will not move relative to the screen, measure the luminance with the box present L
and without the box present L. Critical alignment of the LMD is not necessary, but when the final
measurement is made it is important that the LMD not move relative to the screen.

ANALYSIS: The shadowing is expressed in percent: S= 100% | Ls - Lyg | /Lokg-

REPORTING: Report (1) the maximum shadowing in percent, where the measurement was made, (2) the
background gray level in percent of white (white being 100 % and black, x %, whatever fraction black is of
white) and/or level (7=white, O=black), (3) the box gray level (report in same format as the background), and
(4) the position of the box used (A-D) to produce the shadowing. In the report sample below, B refersto
luminance taken with the box present, and N refers to the luminance taken with no box present.

COMMENTS: Depending upon technology, there could be some dependencies on gray scale (addressed in this
procedure) and color (not directly addressed herein). Sixteen gray levels can optionaly be used if desired. The
worst case is generally display dependent, in which case both the luminance level of the offending box and the
background should be determined. Be careful of changing positions when taking the final luminance
measurements because of the nonuniformities that may be inherent in the screen. If a stable mount cannot be
provided, as when using a hand-held meter, consider using an alignment mask.

The expression for the shadowing S= 100% | Ls - Likg | /Likg

becomes infinite for zero luminance backgrounds (Lyg = 0). We Reporting - Sample Data
assume that you will generally not be dealing with such a display, Shadowing=100%B*N}/I\, **(303-4)
usually there is some light in the black state (see 301-3a). Y our Box at (A-D)| ¢ L (cdim?)

instrumentation may not be able to measure it accurately, however. In

such a case you might use the lowest luminance level that your meter Box (07110}~ B=box %

can measure (we are assuming good instrumentation). For example, Bk@AO:D~7 | N=nobox| 103

suppose we measure Ls = 1 cd/m? and Liyg = 0.1 cd/m?. Then Shadoming % 78

S =900 %. That may seem to be high, but not really. If you are dealing
with adisplay that works at these levels, then you should have instrumentation that can accurately measure it.
Further, if you are expecting 0.1 cd/m? and you get 1 cd/m?, you are bound to be very disappointed, and
perhaps 900 % is not such an inappropriate evaluation after all. (Some consider the useful display black limit
to be 0.01 cd/m?, so these are not unreasonable levels for certain tasks.)

Adaptation of the method to include colors is straightforward. After determining the two-color
combination that produces the most offensive shadowing, follow the same procedure as above, but also
measure the chromaticity coordinates (x,y). Instead of calculating a percent fractional change in luminance,
compute a color change metric such as bu’v” for only color changes or DE to include the effects of luminance
changes as well (see A201).

Different patterns may be employed aslong as all interested parties agree to the modifications. For
example, the boxes specified in this procedure may be too small to indicate shadowing that may be revealed by
boxes that are larger than half of the screen height or width—or other shapes. For such extended boxes, it
would no longer be possible to measure at the center of the screen. Again, any changes should be clearly
documented.
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303-5 INTRACHARACTER LUMINANCE AND CONTRAST

(m” n”q... grillecontrast ratio)

WARNING

This measurement can be grossly
inaccurate unless proper
accounting (and/or correction) is
made for veiling glare or lens
flare (A101-2).

M AT

E===S0=
======

1x2x4GRILLE !SCANNED REGION

DESCRIPTION: Measure the small area luminances F F
all o

at the center of the screen of horizontal and

vertical grille test patterns consisting of
alternating white and black horizontal or vertical UUUU ﬂ_ JUU

5

lines of various widths covering the entire screen. - k=
Calculate the contrast ratio obtained (or other (pixel pitch = window)
i i its: 2 — RAW DATA
suitable contrast metric). Units: cd/m? if absolute TSd ShT o RAWDATA e ng

luminance is needed, none for contrast (aratio).
Symbol: Cg (optionally C,)

Thisis an extension of then " n grille contrast ratio (303-2). Anm~” n” m~ qgrilleis either horizontal
or vertical alternating white and black lines in a repeating pattern of two black lines of m-pixels width
separated by one white line of n-pixelsin width and by one white line g-pixels in width. The region of interest
is usually the regions where the lines are closest together and not the white area separating the groups (the g-
pixel linesin the above example). For only three lines specified we will use the following convention, an
m~- n” qgrilleisapair of black lines of m-pixelsin width separated by a white line of n pixels in width then
separated by ablack line g-pixelsin width. Thus, a2~ 1- 5 grilleis arepeating pattern of two black lines,
one white line, two black lines, and then five lines white, and so forth. Alternatively, we could specify the
sameline patternby a2~ 1° 2° 5grille, where we are explicitly describing each line in the repeating pattern.
The multiple-line grille can be obviously extended to simulate different patterns by adding lines such as an
m-n-m” n- m” qgrille, which would be three m-pixel width lines separated by two n-pixel width lines and
one g-pixel width line. If the q factor is omitted in the three-line specification it is understood that the mx n
pattern repeats continuoudly. It is important in such measurements to attempt to account for any contrast-
reducing glare (veiling glare) in the measurement system. The reason for this measurement isto provide a
more rigorous method to approximate character contrasts. The figure showsal” 2~ 4 grille, which could aso
beexpressedasal” 2° 1° 4 grilleif each line thickness is specified. Obvioudly, it is clearer to represent each
line by its number of pixelsin the repeating pattern.

Note: Black and white are described here. Gray levels (or colors) may aso be used provided al interested
parties are in agreement and all reporting documentation clearly describes any changes.

SETUP: Alternatively display a horizontal grille (if required) and then a vertical grille test pattern and arrange for
aspatially resolving LMD to measure the luminance profiles at screen center. A correction must be made for
veiling glare (see Veiling Glare and Lens Flare Errors section A101-1). Arrange to measure an integral
number of rows (or columns). The grille that is required depends upon the people involved and the
application. It must be negotiated by all interested parties. See Section 301 for standard setup details.

SPECIFIC: Equipment: Scanning or array LMD. Test pattern: horizontal grille, vertical grille (repeating on/off
line pattern).

@M E = (o

PROCEDURE: With an array or scanning LMD, measure luminance profiles for both horizontal and vertical
grille patterns subject to above setup conditions. Obtain the net signal Sas a function of distance with any
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background subtracted (this is the background inherent in the detector if a nonzero signal exists for no light
input). A correction for veiling glare S; must be made (see A101-1Veiling Glare and Lens Flare Errors for
proper procedures). See the figure for an illustration of the pixel configuration and data.

ANALYSIS: Perform arunning window average (moving-window-average filter, see Analysis
A218 for details) of the luminance profile where the averaging window width is (Sample Data)
as close as possible to the pixel pitch as rendered by the LMD. For an array Orientation er.
detector thisis however many detector array pixels are needed to cover one Grille 1x2x4
display pixel. There should be at least 10 or more detector pixels per display Mask: S, 1772
pixel, if possible. For example, if an array detector is used and with the White: S, 7559
magnification of the imaging lens there are 53 array pixels which cover the DUT Black: & 2467
pixel pitch, then the running average window width is 53 array pixels wide. From SN. 5787
the resulting modulation curve determine (1) the net level of the grille black line S, %95
S = S — S, where § is the minimum of the grille black lines, and (2) the net
level of the grillewhiteline §, = S, —§;, where S, is the average maximum of the _ Ce S 5.8
grille white lines. Compute the small area contrast ratio Cg = S,,/S, for Orientation or.
horizontal and for vertical grille patterns. In summary: Grille 2x3x5

1 S, = glarecorrection Mask: S, 1653
i o . White: §, 7489
Sve=S-§ i Sy = whitelineaverage(high) Black: S 2217
S =SS %Sd = black lineaverage(dim) S, 5836
Ce=S,/S, - where | S, = net whitevalue S 564
c -Sw-S 1S, = net black value Cs 10.3
" St S i Cg = grillecontrast
% C,, = Michelson contrast or contrast modulation

REPORTING: Report the grille contrast ratio Cg as a number to no Reporting Results <&Sample Data
more than three significant figures. Also report the type of grille Grille Herizantsl” | Vertica
pattern used. It is suggested that the mask, net white, and net Contrasts Grilte Grille
black signals be presented as well. If luminance levels are Grille type; 2x3x5 1x2x4
required then the camera must be calibrated in cd/m? for absolute Co 10.3 3.8

measurements.

COMMENTS: The contrast ratio of adisplay is very sensitive to an accurate black measurement, see Uncertainty

Evaluations (A108) in the Metrology Appendix. There may be complications associated with making small

area contrast measurements, see Veiling Glare and Lens Flare Errors (A101).

The purpose of them ™ n~ q... grille measurement is to approximate the contrast found with a character.
When measuring the character contrast, the height of the character can influence the value of the black

measured because of glare (at the very least). If glare is going to be measured by using a replica mask, making
amask the same size and shape of the character would be very difficult. It is much easier to produce an opaque
black replica mask of aline than a character. The black measured on a character can change depending upon
where the black is measured, the measurement of lines provides a more reproducible measurement. The reason
forthem” n- q... grilleisto simulate a character like a small “m” where the distance between the legs of the
“m” might be two pixels and the leg width might be one pixel, but there may be three or more pixels
separating the characters. Thusal - 2 1° 2° 1° 3 grille might adequately simulate the “m” for this
example.
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303-6 DEFECTIVE PIXEL ANALYSIS

There are three parts of this analysis: (a) How we specify, categorize, and measure a defective pixel;
(b) how we specify, categorize, and measure the clustering density; and (c) how we specify a minimum defective
pixel separation (if such a specification is necessary). Since the clustering density—the number of defects per unit
area or number of pixels—is a quantity that gets smaller as the quality of the screen improves, we define a metric
that increases as the screen improves. The “clustering quality” or “defect dispersion quality” is defined as the
number of good pixels per number of bad pixels. This clustering quality is large, generally several thousand, and
increases with fewer defects. The clustering quality metric is also independent of screen size since it is based on the
relative number of pixels rather than the area. All interested parties must mutually agree which specifications are
employed to derive the defective pixel anaysis.

303-6a Defective Pixel Characterization and Measurement

DESCRIPTION: We discuss a method to characterize pixel defects.

Defective Pixels are pixels that operate improperly when addressed with video information. For example,
apixel addressed to turn black may remain white. If it never changes state, it is said to be astuck pixel. If it
changes state without the proper addressing signal, it may be inter mittent. Detailed classification of defective
pixel types follows below.

For another method of classification of pixel defects that characterizes a display, 1SO 13406-2 [2] may be
used at the user's discretion. The SO classification defines the class of the display based upon the number of
defects. We clarify pixel defect types further.

Note that defective column and rows are not truly pixel defects (e.g., driver-related problems, address-
line problems, etc.), but may have the same characteristics as defined by defect types 1- 5 in this section. It is
up the user to determine if any row and pixel defects are acceptable. They would be reported as defective rows
or defective columns. Often people find that column and row defects are unacceptable.

Thresholds of observability: In what follows we discuss pixels that are stuck on and stuck off by saying
their luminance is either always above a white threshold or below a black threshold. There are two types of
thresholds: luminance thresholds and lightness thresholds. Historically, the white threshold was 75 % of the
full-white-screen luminance, and the black threshold was 25 %. The problem with thisis that the luminance
scaleis alinear scale and does not relate well to what the eye sees as the white or black quality of the pixel.
Thus, a 25 %-luminance-of-white added to black appears to the eye as a 57 % relative lightness. A much
darker pixel than this would be quite visible against a dark background and could be abjectionable. Also, the
75 %-luminance-of-white pixel appearsto the eye as 89 % of white, and it may even be hard to identify well in
a sea of white pixels. To describe the dark and light thresholds as what the eye would see we need to use a
lightness scale, and L* is the best candidate at the present time—see A209, Nonlinear Response of the Eye,
and A201 Photometry and Colorimetry Summary. If we specify lightness thresholds as what the eye would
perceive to be 25 % and 75 % lightness between black and white, we would need the luminance threshold of
black at 4.415 % and of white at 48.28 % of the white luminance. What isimportant is what the eye sees, so
we would suggest that the lightness thresholds be adopted. However, the luminance thresholds have such an
ingrained history, we felt that we had to include them here. Whichever threshold criterion is chosen (or any
other criterion used), it should be negotiated by the interested parties and should be reported clearly.

Thresholds of Observability

Threshold Criterion

Required Luminance
Thresholds, Lwr, Let

Lightness Perceived
by Eye, L*/L*y

Partial Pixel Areast
Sir, St

25 % Luminance (L) 25 %: Lgr = 0.25L, 57.1% 25 %: §; = 0.255,
75 % Luminance (L) 75 %: Lwr =0.75L, 89.4 % 75 %:. Sy = 0.755,
25 % Lightness (L*) 4.415 %: Lgr = 0.04415L,, 25% 4.415 %: S; = 0.04415S,
75 % Lightness (L*) 48.28 %: Lwr = 0.4828L,, 75 % 48.28 %:. Sy = 0.4828S,

T § isthetotal area of the light-producing part of the pixel, e.g., the total subpixel area.
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SETUP: The visibility of pixel defects depends on both the type of defects and the video being displayed. For
example, pixels that are stuck white will not be visible on an all white display but will be obvious on a black
screen. Therefore the user must change the video content as appropriate to observe the defective pixels.

PROCEDURE: Defective pixels are usually assessed visualy, asit is very difficult to properly measure them. A
thorough analysis would be to measure each pixel and account for glare contributions to any dark pixel
encountered. Even if the defective pixels are identified by the eye and then measured to see if they fall within
or without a threshold, veiling glare must be considered to obtain even an approximate measurement of a
dark pixel in the presence of a white background—see A101, Veiling Glare and Lens Flare Errors. Conditions
for viewing pixel defects are subject to supplier/customer agreements. Guidelines may be considered as
follows: Dark room conditions are recommended for the best viewing of pixel defects. The observer may ook
at any distance or angle to both observe the defects and assess them and may use a magnifying device to better

categorize them by type. Again, any video pattern may be used to help observe defects. In the following
material, Sis ameasure of areas associated with the pixel.

LUMINANCE CAPABILITY| RESPONDING AREA
- Ly Sp --100%
T Stuck On @ ” Acceptable
& L < Sur 75% or 48.28% Temporal
s VT o Partial @ Pixels @
3 Dim Pixel @ i (part of pixel is (variations in time not
% = stuck on or off) video content related)
c Lgr g S\t -t-25% or 4.415%
g Stuck Off @ Stuck On or Off
a 0 sromo 0 0%
S>S; S<S<Sy; S<S;
NORMAL Acceptable Partial Stuck Off
Normal Pixel WHITE
a = area allocated to pixel | p;xgL
Acceptable Partial Stuck On

BLACK
PIXEL

AITm

Fig. 1. Example of a hypothetical TFT LCD subpixel configuration.

ANALYSIS: Inany final reported result, all fractional pixels are rounded up to awhole number. Five types or
classifications define defective pixels. Type 1, 2, and 3 are luminance-related, type 4 is spatially related, and
type 5 istemporally related. There is awhite threshold level Ly, ablack threshold level Lgr, a partial-pixel-

area upper threshold Sy, and a partial-pixel-area lower threshold S 1, upon which these classifications are
based:

1) On Pixels (Stuck On): Luminance always above the white threshold independent of video content,
L > Lwr. Can be observed using a black screen. These pixels appear as bright pixels on a black
background.

« (T
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Dim Pixels (Stuck Dim): Luminance is always between the white threshold and the black threshold
independent of video content, Lgr < L < Lyt. They can be observed using a white and then a black
screen. These pixels appear as agray pixel independent of awhite or black background.

Off Pixels (Stuck Off): Luminance is always below the black threshold, L < Lgr. They can be observed
using awhite screen. These pixels appear as dark pixels on awhite screen.

Partial Pixels: Pixelsthat have defective subpixels or area defects within a pixel, e.g., part of the pixel
is stuck on or off. If S, isthe light producing area of anormal pixel, e.g. the combined area of the
subpixels, then there are three active-area regimes in which the pixel can operate: (1) The active area S
of the pixel isless than the lower threshold S< S r, in which case the pixel is mostly inoperative and
stuck either on or off. (2) The active area of the pixel is greater than the upper threshold S> Sy, in
which case the pixel is mostly operational and not to be considered a defective pixel. (3) The case of the
partial pixel where the active area of the pixel is between the threshold limits S 1 < S< Syr.

Temporal Pixels: Pixelsthat exhibit temporal variations not related to any steady-state video input.
Temporal pixel defects may be intermittent, exhibit a sudden change of state, or be flickering. The can
be observed using a white and/or a black screen.

(Note: For equating pixel defect types to those defined by 1SO 13406[ 2], the SO type 3 can be considered

to

be the combination of the type 3, 4, and 5 defined in this document.)

A complete pixel defect specification would include setting limits for each type of defect n; . The total number
of defectsis given by the sum

5
o
Nr=a n

i=1

D

These defects are not likely to evenly distribute themselves about the screen. There may be some bunching.
This leads to the idea of clustering specifications as well as defect counts.

Defect Analysis Reporting Template
o L ower Upper Clustering
Critena | esholds (%) | "5 T | Thresholds (9%)] W VT Quality
Type 1 2 3 4 5 Defect
Name Stuck On Dim Stuck Off Partial Temporal Dlsper_s on
Quality
Number n n n n
Allowed L 2 § “ ns Q
Patterns. | (Describe screens used and any special method.)

303-6b Clustering

Cluster Defect Dispersion Quality Based on
Minimum Distance Between Defective Pixels

Characterization and
Measurement

: _ —a=d" 3312
Clustering of Defects: Clustering of

defectsisaway of characterizing the proximity
or grouping of pixel defects. If a certain display
has n defective pixels, then the proximity of the
pixels can affect how objectionable the defects
are and the usability of the display. For
example, 20 pixel defects scattered randomly on
a 1024 768 display will not be nearly as
objectionable as they would be if they were
clustered or contained within a confined area,

A
«

Na = aN /A

=HV

N

Q =N./3

H

J

]
k
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such as within 10 % of the area of the display. If atotal of ny defective pixels were distributed absolutely
uniformly about the surface of the display, then the minimum defect density would be ny/Nr. Note that the area
of the display is not in the denominator, but the total number of pixels for the display. This density is a density
of defective pixels compared to the total number of pixels Nt = Ny Ny ; therefore, this density is independent of
display size. For example, if we allow nr = 20 px and we have a 1024° 768 screen, then the density would be
2.57"10* = 1/3891 defective pixels per screen pixels. However, given that we have ny defective pixels, n/Nr is
the absolute lowest pixel density that may be obtained. Clearly that will not be the case in general. Therefore,
we will expect that the clustering density specification will allow a higher pixel density than this minimum,
probably significantly higher. Densities are not always very intuitive, so we introduce a defect dispersion
quality metric asthe inverse of the density:

Defect dispersion quality or Clustering Quality:
Q = the number of acceptable pixels for each defective cluster pixel.

Often we will use “clustering quality” as a short name for Q. The clustering quality is the inverse of the
clustering density. Given Ny as the total number of pixelsin the display and ny as the total number of defects,
the maximum that the clustering quality can beis

Qmax = Ny/nr. (2)
Thisis equivalent to requiring that the defects be absolutely uniformly spread over the surface of the screen—a
situation that would be rarely obtained in practice.

Consider two defective pixels separated by a distance d. We want to develop an expression for the largest
defect density based on that distance. The highest density is abtained by centering a hexagon on one pixel and
imagining other pixels at the remaining vertices of the hexagon—all the pixels will be a distance d from each
other, and the pattern can be repeated for the entire screen. How many pixels are there within the area of the
hexagon? Image that the pixels were round and centered exactly at the vertices. One third of each vertex pixel
lies within the hexagon. Thus, with six vertex pixels, one-third pixel each, plus the center pixel, we have the
equivalent of three pixels per hexagon as worst-case packing. Obvioudly, this is an idealized case, but for large

number of pixels, it should be adequate. The area of a hexagon with sidesd is a = 3d? \/5/ 2, and the number
of pixelswithinais N, = aN; / A. The clustering density is 3/N,, and the clustering quality isthen Q = N,/3.

Of course, pixels don't cluster in such aregular pattern. We can assume that they will randomly be distributed
about the screen. We need to extend this to make it meaningful for randomly distributed pixels.

Consider a screen with defective pixels distributed randomly. We will assume sguare pixels. Each
defective pixel i = 1,2,...,nr, will have a nearest neighbor a center-to-center distance d, away. We define d to
be the average nearest-neighbor distance between defective pixels or the mean minimum distance between

defective pixels,
10
d:_a (di_ P) ’ (3) e )
T i-1

where we subtract the pixel pitch from

each center-to-center distance d; so that

d goesto zero for al defective pixels

touching each other in arow or column.

In general, the P term will be of little

conseguence for many screens.

To determine the mean minimum
distance between defective pixels,
proceed as follows:

1. List the (x, y) position of all defective
pixelsin either a distance (e.g., in
mm) or pixel coordinates.

2. For each defective pixel inthelist,
compute the minimum center-to-
center distance to any other pixel in
that list. Often a pair of nearby
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defects will each have the same minimum distance to each other.
3. Compute the mean of the minimum center-to-center distances. If you use pixel coordinates instead of pixel
distances, convert the pixel coordinates to a distance by multiplying the mean result by the pixel pitch P.

nr
d measured in units of distance: d = ié’l (d - P, 4)
T i=1
p ™
di measured in units of pixel coordinates: d =—3 (d; - 1). (5)
T i=1

NOTE: If you are attempting to determine that a candidate DUT meets its specified clustering criterion Q,
first locate the closest two defective pixels and determine their separation d; if the clustering quality factor Q

based on thisdistanced’, Q¢=d 2NT \/5/(2A) is greater than or equal to the specification requirement,

Q @ Q, then it is not necessary to measure the distances between the rest of the defective pixels. The display
definitely meets or exceeds the specified clustering quality. Alternatively, you can cut acircular hole in a piece

of paper having a diameter of
d = /(2QR)/(N:V3) , ®)

and search to see any two defective pixels can be found to fall within the circle. If not, then the display
definitely meets or exceeds the clustering quality criterion. If using either of these tests, two pixels are found to
be closer than d it does not mean that the display does not meet the clustering criterion. It ssmply means that a
more thorough analysis will be required to determine the clustering quality, as described above.

With this definition, the clustering can be defined by the average distance between defective pixelsd or
by the clustering quality Q. Assuming square pixels, there are two more ways to express clustering: the
smallest fraction of the horizontal screen size permitted between defective pixels f = d/H, and the minimum
number of horizontal pixels ny = d/P permitted between defective pixels (P is the pixel pitch for square pixels).

If square pixels are not used, the formulation will work well replacing P with P¢= 4/ PH2 + PV2 , provided d is

confined to being always positive (in the event that all pixels touch or nearly touch—again, we can hardly
expect this to be a routine problem).
PROCEDURE: There are two cases, you are trying to measure the clustering quality of adisplay or you are trying
to specify the clustering quality of adisplay.
Measurement of Clustering Quality: Follow the three steps leading to Egs. 4 and 5 to obtain the mean

d®N;+/3

minimum distance between defective pixels d. The clustering quality isthen Q = , where Ny isthe

total number of pixels making up the display and A is the area of the display. See the table for other means of
determination d and Q when d is measured in the fraction of screen width or the number of pixels between
defects.
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Table 1. Relationships Regarding Clustering Quality Q

Based on d (the mean nearest-neighbor distance or mean minimum distance between defective pixels)

N, Clustering quality Number of acceptable pixels for three ideal defective pixels
Q=—" distributed uniformly—this is the basis of the model.
_aNg Clustering quality Clustering quality in terms of the area a of a hexagon, the
Q= 3A total number of pixels, and the area of the screen.
d23/3 Area of hexagon with
a= > sided.
dZNT\/§ Clustering quality Clustering quality expressed in terms of the mean minimum
Q= T oA distance between defective pixels. Measure d, calculate Q.
[ 20A Mean minimum Should you know Q and you want to determine the mean
d= NINE distance between minimum distance d upon which the determination was
T defective pixels made. Given Q, determined.
1M d measured in units
d=—3 (d;- P) of distance
T i-1
p N d measured in pixel
d= . q (di-9 coordinates
i=1

Based on f (the mean nearest-neighbor distance in terms of the fractional distance of the screen)

f=d/H,ord=fH ‘ Characterizing d by afraction of the horizontal screen

2 2 212 2

o-f aNT\/g’ derivation: Q= 3 Nrv/3 _ F2H’N3 _ fZaNy/3
2 2A 2HV 2

Based on ny (the mean nearest-neighbor distance in terms of a number of pixels on the screen)
ng = d/P, or d = ngP | Characterizing d by a number of pixels

2 2 2p2 2
Qz—nd\/é, derivation: de NT\E’: ngP NT\E:”"\E’

2 2A 2HV 2
Definitions used in the above:
N, = aN{/A Number of pixelsin an areaa
A=HV Area of the screen (the active, viewable, image-producing area)
Nt = NyNy Number of pixels on screen in terms of number of horizontal and vertical pixels
H= NHPH . . . . . .
H=NaP (squarepixels Number of horizontal pixelsin terms of the horizontal pixel pitch
H= NVPV : : B H i i
H=NP (squarepixes Number of vertical pixelsin terms of the vertical pixel pitch

Determination of Requisite Clustering Quality: An excellent way to estimate how many defects are
tolerable is to subdivide the screen into boxes taking half of each box until you reach 1/16 the area. How many
pixelswill you tolerate in the small box? If you have already specified _

Q= Nr/(nt + 16n,)

the total number of defects allowed ny, then there can be ny/16 pixels
plus some excess pixels n.. You must select what n, must be. The Ny
clustering quality isthen Q = Ny/(ny + 16n,). If you don’t know what 16" Ne
value for ny is reasonable for your task, then you can specify how many
defective pixels n you will tolerate in the 1/16 box, and then the
clustering quality can be defined as Q = Ny/(16n).

Discussion: Here you have some idea of how many defective
pixelsyou will tolerate, that is, you know n; (i = 1,2,...,5) and ny, or
you know how many pixels you will tolerate in a 1/16 box. You
probably will never dare require an absolute uniform distribution of
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defects using Qmax = Ni/ny. = 39322, so what we need is away to estimate a reasonable valueif Q. It may be
tempting to select a distance d and then calculate Q = dZNT\/§/2A. This can be done but it will probably not

yield what you want. Consider an example. Suppose we desire a 1024° 768 pixel screen having a horizontal
size of 245 mm and vertical size of 184 mm, and we want d = 20 mm to be the mean minimum distance
between defects. This gives Q = 6043, and for the entire area A at that density of defects, we could have 130
defective pixels. So, let’s say you limit the total number of defectsto ny = 20 and you think you’ ve taken care
of the problem. Not so, for all the pixels could be clustered in one region of the screen all with a distance d
between them, and that is probably not what you want either. Now use the 1/16 box: if the defects were evenly
distributed, we' d find ny/16 = 1.25 pixels per 1/16 box. If you will alow one more pixel n, = 1, then

Q =21845; if ne = 2, then Q = 15124. Thisin itself may not adequately solve the problem of specification, for
even under the condition of using the 1/16 box criterion, you can still have two pixels touching and meet the
cluster quality criterion established by the 1/16 box criterion. Thisis why we introduce the minimum defect
separation below in 303-6¢.

Extension to More Complicated Clustering Quality Factors: Clearly, should it be necessary and if a
more detailed clustering description is required, a clustering quality could be defined for each type of pixel
defect. Another way to deal with the different types of pixel defectsif they are not considered equally
objectionable, isto use aweighting factor w; in the expression of the mean minimum distance between

nr
defective pixels. d = ié ww; (d; - P), wherew is the weighting factor for thei™ pixel and W isthe
T i-1
weighting factor for the its nearest neighbor, the j'" defective pixel. For example, the weights might be 1 for a
stuck-on or stuck-off pixel, 1/2 for adim pixel, 1/3 for apartial pixel, and 1 for atemporal pixel.

303-6¢ Minimum Defect Separation — dpin

If two defective pixels are very close together and all other defective pixels are widely separated, the
clustering quality may be met and the number of defective pixel types may also be met, but the fact that the two
defective pixels are so close together may be objectionable. Thus, the minimum allowable distance between
defective pixels din may also be specified if it is necessary to do so. Again, this minimum distance can be specified
in terms of the distance on the screen, the number of pixelsin the separation, or the fractional width of the
horizontal screen.
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303-7 RESOLUTION FROM CONTRAST MODULATION

(effective resolution)

DESCRIPTION: We measure the resolution capabilities of a display compared to its addressability based on a
threshold contrast modulation (Michelson contrast) associated with grille patterns.

Addressability refers to the number of pixels that can be separately controlled. Resolution refersto how
well those pixels can appear separate and distinct to the eye. Describing resolution with a simple number, such
as 1600 x 1200 pixels, is an approximation to a complicated subject. We define resolution here as the number
of alternate black and white lines that can be displayed with a stated minimum contrast modulation
(Michelson contrast), the threshold contrast modulation Cs. If the display fails to meet this criterion for a
specified addressability, then the addressability cannot be claimed as resolution in describing the display—the
actual resolution would be lower than the addressability. In the case of a CRT, displaying more pixels than
that will lower the contrast modulation below the minimum acceptable visibility of lines. In the case of
discrete-pixel FPDs, such lowering of the resolution capabilities can arise from excessive inter-pixel crosstalk.
Here, the contrast modulation is defined as:

Ly Ly
L, + Ly
We use two criteriato allow us to assign meaningful numbers to realizable resolution for two common
applications. We examine the values for horizontal and vertical resolution separately.

Text resolution (and graphics) require crisp edge definition and clear whites and blacks. We define the
resolution for this use as the maximum number of aternating black and white lines that can be displayed
with athreshold contrast modulation Cy of 50 % or more. A contrast modulation of 50 % produces
alternating lines that are highly visible.

Image resolution typically does not require sharp changes in luminance. For monitors displaying images
rather than text, we define the resolution using a minimum Cy of only 25 %. A pattern of alternating
black and white lines with 25 % contrast modulation is still visible.

Demanding a higher contrast modulation threshold for text than for images can mean that the claimed
resolution may be lower for text in some cases. Two thresholds are suggested above depending upon the task.
Other thresholds may be used if necessary provided al interested parties are in agreement. Different tasks may
require different thresholds to be used.

SETUP: None. Measurementsof N~ N grille

Cm

contrast modulations are specified in 303-2. 100
PROCEDURE: None. Measurementsof N~ N ~__
grille contrast modulations are made in 303-2. = 90 \\
ANALYSIS: Calculate the resolution in number S 80
of resolvable pixels: S 70 ]
. #of AddressableLines =
Resolution = S 60
n g \
where n, is the calculated grille line width in § \nr = 1.1568
pixels for which the value of Cy, is estimated s 4 !
by linear interpolation to be equal to the @ 30
contrast modulation threshold Cr, for £ o y
example, 25 % as depicted in Fig. 1. C,(n) 8
specifies the contrast modulation froman n' n 10
grille. 04 3 5 1 0

If C(1) > Cr (e0., 25 %), thenn, =1 and
the resolution is equal to the number of
addressable pixels. For C(1) < Cr, use linear

interpolation to calculate the value of n, from Fia. 1 Useli int lation to determine the val ue of
the messured C,,, values nearest to the ig. 1. Use linear interpolation to determine the value of ny

threshold Cr (e.g., 25 %). In general, use from contrast modulation measurements.
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values of C,, such that Ci,(n) < Cy < Cy(n+1), measured for grille patterns of n-pixels wide lines and (n+1)-
pixels wide lines.

Cr- Cn(M)
Cr(n+1)- Ci(n)’
Example: Let CT = 25 %, C,, = 17 % for 1-pixel grille patterns, and C,, = 68 % for 2-pixel grille patterns.
Interpolate between these two data points to calculate the value of n, for 25 % modulation, that is, using
Cr=25%: for n=1, Cy(1) = 0.17; C(2) = 0.68. For these values, n, and the resolution are found to be

C;-C,(nm 1+ 0.25- 0.17
C,(n+D-C,(n) 0.68- 0.17
#of AddressableLines 1024

N 1.1568

Apply this criterion to the measured contrast modulation data Cy, to assess the resolution capabilities of the
display in units of pixelsin both horizontal and vertical directions.

REPORTING: Report the integer number of resolvable pixels using the values of C, obtained in previous
sections. Report as apair of numbers for horizontal and vertical directions, Cpy © Cy, for each measurement
location on the screen required.

Worst location is defined as the test location on the screen where the minimum combined horizontal and
vertical contrast modulation occurs. The combined contrast modulation is the magnitude cal culated using the

n =

for C,,(nN)<C; <C(n+1)

=1.1568

n. =

Resolution = =885 lines.

root-mean-of-squares: Reporting Results — Sample Data
Cm=+(C2n +CaV)/2, Threshold: [ 25 (0.25)
where Cny is horizontal contrast modulation and Cy Horizontal Vertical
isvertical contrast modulation of white lines. G Ix1 0.17 Cov IXE 0.34
COMMENTS: Resolution is often the first specification Con 2%2 0.68 Crmv.2¢2 0.88

one asks about adisplay. It is essential to distinguish Cmn 3x3 0.86 Coly 3X3 0.94

between the concepts of addressability and Con 4x4 0.95 Cov 4x4 0.98

resolution: n 1 n

- Addressability states the number of locations at N 1157 ne 1
which apixel (dot) can be displayed on the Addressability | '1924)"| Addressability | 768
screen. However, that does not guarantee that the Resolution 385 Resolution 768

spot of light is small enough to actually

distinguish adjacent addressable spots.

Resolution is the number of pixels (or lines) that can be adequately distinguished across the screen.

Contrast modulation C,, is considered by some to be the best and most complete single-metric description

of the ability of adisplay to exhibit information.
If the display were perfect, the screen would show a series of full white bars with perfectly black bars between
them, yielding a C,, of 100 %. In reality, several factors combine to spread the light out so that the pattern is
one of light and dark gray bars, not black and white. Among these are:

The ability of the display to form a narrow line, e.g., problems with crosstalk.

The accuracy with which the three color beams merge together (in the case of a CRT).

Halation — the leakage of light from bright areas of the image into the dark areas because of reflections off

the covering material, the interior parts of the display, and the display pixel surface.
A pixel definition based solely on Cp, relies only on relative peak and valley luminances independent of
absolute luminance. The ANSI pixel defined in ANSI/NAPM 1T7-215 limits the allowable luminance roll of f
at higher frequencies by requiring the peak luminance of the display at the highest spatial frequency does not
degrade below 30 % of the low-frequency peak luminance, specifically that of the 4 x 4 checkerboard pattern.
The ANSI pixel modulation is defined as the (peak - valley) luminance of a 1-on/1-off grille relative to the
(white - black) luminance of the ANSI large-area 4 x 4 checker board test pattern. Using linear interpolation,
an estimate of the ANSI pixel can be computed using results obtained by measurement procedures described in
FPDM Sections 303-2 (NxN Grille Contrast Ratio) and 303-9 (Checkerboard Contrast Ratio).
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304 BOX-PATTERN MEASUREMENTS

Box-pattern measurements refer to placing rectangular boxes on the
screen and comparing one box with another, with the background, or
combinations of boxes. There are three kinds of measurements outlined below.
Note cautions and conventions described in the boxes at the base of the page.
Box contrast measurements are to be made as additional measurements. They
should never be substituted for full-screen contrast measurements for any
direct-view display (with the exception of projection systems). Also, be careful
whenever a measurement of black is made when white is present on the screen.
Use a cone mask to eliminate light corruption of black; see A101 (Veiling-Glare and Lens-Flare Errors). We often
specify fixed-box sizes of 1/5 to 1/6 of the screen linear dimensions. There may be occasions where other fixed-box
sizes are required. All reporting documentation must clearly specify a departure from this specification, and all
interested parties must agree to the change.

"

A

CENTERED BOX MEASUREMENTS
304-1 LUMINANCE & CONTRAST OF BOX
304-2 CENTERED BOX ON-OFF LUMINANCE & CONTRAST
304-3 TRANSVERSE CONTRAST OF BOX
304-4 GRAY SCALE OF BOX
304-5 COLOR GAMUT OF BOX
304-6 COLOR SCALESOF BOX

WARNING: When making measurements
with white areas on the screen the black
measurement can be grossly inaccurate
unless proper accounting (and/or
correction) is made for veiling glare or lens
flare (A101-1).

CENTERED BOX OF VARIABLE SIZE
304-7 HALATION
304-8 LUMINANCE LOADING

FULL-SCREEN BOX PATTERNS
304-9 CHECKERBOARD LUMINANCE AND CONTRAST (n~ m)

NOTE: The full-screen contrast ratio is the contrast metric that is always assumed unless
specified otherwise for direct-view display technologies (not necessarily projection systems or
any display that places a lens between the pixel surface and the viewed image—head-mount,
head-up, etc.). Any other contrast metric must be properly identified explicitly if it is not this
full-screen contrast ratio. We strongly suggest the above Cr in any characterization of direct-
view displays. If anon-perpendicular viewing angleis used it must be reported with the
contrast value.

For example, if someone simply says that the contrast of their display is such-and-such, it must be referring
to the full-screen Ci above. If abox contrast is used then it must be stated “the box contrast is...,” similarly for
a4 x 4 checkerboard contrast, “the 4 x 4 checkerboard contrast is....” In any case we strongly suggest that the
above Cg always be reported.

If aviewing angle is employed such as 4° up vertically and Cr = 400 whereas Cg = 250 for the
perpendicular we report as “ The viewing contrast at 4° vertically up from perpendicular is 400:1,” or “400:1 at
4° up.” If the contrast at perpendicular is aso included, state it clearly: “The contrast at the perpendicular is
250:1,” or “250:1 at 0°.”
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304-1 LUMINANCE & CONTRAST OF CENTERED BOX

DESCRIPTION: We measure the

H/2 —x— H/2

luminance of the center of awhite NEGATIVE
centered box 1/5 to 1/6 the size of White Box, Black Bkg.
the diagonal with a black

M t
background. (Optionally: a black eas (L)Jirnetrsnen

box of the same size on awhite
background.) The surrounding black
screen is measured at eight positions
and the average, maximum, and
minimum contrast is calcul ated.
Units: none. Symbol: Cg.

Box contrast ratios can be
different than full-screen contrast
ratios because of loading effects of
the display. Sometimesiit is desired
to know how the contrast
performance of the display changes
from full screen to asmall area.

SETUP: Arrange to measure the center POSITIVE_
luminance of awhite box centered - Black Box, White Bkg.
on the screen (negative pattern) and
the surrounding black area.
(Optionally a positive pattern with
ablack box with awhite
background may additionally be
measured.) The box should bein
the range of 1/5 to 1/6 the diagonal of the screen. Arrange to measure the surrounding black area at eight
points surrounding the white box at a distance of the size of the box from the center of the screen (see the
figure). See Section 301 for any standard setup details.

SPECIFIC: Pattern: Centered white box on black (optionally black box on white).

@M E = (o

PROCEDURE: Measure the luminance of the center L¢ of the box where we define L © Ls. For contrast
measurements, determine the luminance of the black surround at the eight points (L;, i = 1,2,3,4,6,7,8,9, it 5)
half the thickness of the box away from the box (see figure). Be sure to avoid glare contamination of the black
measurement. It is suggested that a black-gloss cone mask be used to prevent glare. See Veiling-Glare and
Lens-Flare Errors (A101) for details on measurements of black in the presence of white.

ANALYSIS: Calculation of the contrast ratio given by the white luminance divided by the black luminance:

Cs = Ly /Ly . The box contrast ratio is the average of the eight readings. Also determine the maximum and
minimum contrasts Cgimax, Cemin-
Negative: White box on black background:

NEGATIVE: Cg = ?LE » Comin =~ Comax = -
8

i Lmax min

5 (C) = Center

H/5 H/5

V/5 AND H/5 SHOWN.
V/6 AND H/6 ALSO
ACCEPTABLE.

WARNING: When making measurements using the
(optional) positive pattern, the black measurement can be
grossly inaccurate unless proper accounting (and/or
correction) is made for veiling glare or lens flare (A101-1).

i15
Optionally: Positive: Black box on white background:
. 1, Ly L&,
POSITIVE (optional): Cg = ——3 L¢ Cgpyn = —00  C = e .
(op ) g 8Le 35 i Bmin Le Bmax Le
where theimplicit sumisoveri=1,2,3,4,6,7,8,9 (i t 5), Lyin and Ly are the minimum and maximum
luminances of the eight black luminance measurements made in the black background, L, = min(L;),
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Lmax = max(L;). Similarly, if the positive pattern is (optionally) also measured, L i, and L s are the minimum
and maximum white luminance of the eight white luminance measurements made in the white background.

REPORTING: Report the luminance Analysis and Reporting of Sample Data
of the centered box. For contrast Pattern: Negative: White on Black
measrements, report the Black at 1 Blackaat 2 Black at 3
luminance of the eight black 0.45 cd/m? 0.71 edfim? 0.42 cdim?
readings and the separate contrasts 3301 2101 360:1
obtained. Also report the average as . -
the box contrast ratio Cg. Report all Black a 42 Wpite lumi ”‘;”Ce Black a 62
contrasts to no more than three 0.68 cd/m 151 cd/m 0.62 cd/m
significant figures. Be sure that the 2201 Ave: Cp=270:1 2401
significant figures of the box Black a7 Black at 8 Black at 9
contrast ratio does not exceed the 0.49 cd/m? 0.64 cd/m? 0.51 cd/m?
significant figures of the black 310:1 2301 2901

measurements.
COMMENTS: Be careful of making black measurements in the presence of white. See Veiling-Glare and Lens-
Flare Errors (A101) for details. Be careful with the use of masks since reflections off the mask can aso corrupt

the black measurement. A black-gloss cone mask is suggested.

NOTE: The full-screen contrast ratio is the contrast metric that is always assumed unless specified otherwise
for direct-view display technologies (not necessarily projection systems or any display that places alens
between the pixel surface and the viewed image—head-mount, head-up, etc.). Any other contrast metric must
be properly identified explicitly if it is not this full-screen contrast ratio. We strongly suggest the above Cr in
any characterization of direct-view displays. If a non-perpendicular viewing angle is used it must be reported
with the contrast value.

For example, if someone simply saysthat the contrast of their display is such-and-such, it must be referring to the full-screen Cr above. If a
box contrast is used then it must be stated “the box contrast is...,” similarly for a4 x 4 checkerboard contrast, “the 4 x 4 checkerboard contrast

is....” Inany case we strongly suggest that the above Cr aways be reported.

If aviewing angleis employed such as 4° up vertically and Cr = 400 whereas Cgr = 250 for the perpendicular we report as“ The viewing
contrast at 4° vertically up from perpendicular is400:1,” or “400:1 at 4° up.” If the contrast at perpendicular is aso included, state it clearly:
“The contrast at the perpendicular is 250:1,” or “250:1 at 0°.”
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304-2 CENTERED BOX ON-OFF LUMINANCE & CONTRAST

DESCRIPTION: We measure the contrast <— 12 SIE— Hi S

ratio of awhite centered box 1/5 to 1/6 the H/5>)

size of the diagonal against afull black BOX ON

screen (optionally a black box on white NEGATIVE
screen). Units: none. Symbol: none. White Box, Black Bkg.
Box contrast ratios can be different
than full-screen contrast ratios because of SRR
loading effects of the display or other
factors. Sometimesit is desired to know
how the performance of the display

changes from full screen to asmall area.

The box contrast is the ratio of

luminance of the white box to the
luminance of the black background
Csg = Ly /Lp. Thisisthe negative pattern

V/5 AND H/5 SHOWN.
V/6 AND H/6 ALSO
ACCEPTABLE.

(white box on black). Additionally a POSITIVE
positive pattern can be employed to Black Box, White Bkg.
determine the box contrast for a black box
on awhite screen C'g = L, /Ly, or the
positive pattern.

SETUP: Arrange to measure the center
luminance of awhite box centered on the
screen and a black screen without the box.
The box should be in the range of 1/5 to
1/6 the diagonal of the screen. See Section 301 for any standard setup details.

SPECIFIC: Centered white box, then black screen.

@M E = (o

PROCEDURE: Measure the luminance of the center of the box L,,. Turn off the box and
measure the luminance of the full black screen L,,.

ANALYSIS: Calculate the contrast ratio: Cg (and optionally C'g) according to Eqg. 1.

REPORTING: Report the contrast ratio as the on-off box contrast ratio.

COMMENTS: Other sizes of rectangles may be used provided they are agreeable to all i
clearly reported in any document..

Analysisand
Reporting
Ly 0.732
Ly 94.3
Cs 129
nterested parties and are

the above Cr in any characterization of direct-view displays. If a non-perpendicular vi
must be reported with the contrast value.

WARNING: When making measurements using the (optional) positiv
black measurement can be grossly inaccurate unless proper accounting
correction) is made for veiling glare or lens flare (A101-1).

NOTE: The full-screen contrast ratio is the contrast metric that is always assumed unless specified
otherwise for direct-view display technologies (not necessarily projection systems or any display that places
alens between the pixel surface and the viewed image—head-mount, head-up, etc.). Any other contrast
metric must be properly identified explicitly if it is not this full-screen contrast ratio. We strongly suggest

ewing angle is used it

e pattern, the
(and/or
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304-3 TRANSVERSE CONTRAST OF CENTERED BOX

(EIAJ’s window contrast ratio)

DESCRIPTION: We measure the contrast ratio
of acentered box 1/5 to 1/6 the size of the

diagonal of the screen by measuring the H/5 —> <

luminance L,, of the center of the white box

(box on = white) and measure the luminance
L, of the black at the same position with the
box off (or full-screen black).

NOTE: This measurement is a subset
of or contained within the measurements
specified in 304-1 (Luminance and Contrast
Ratio of Box).

There are two configurations: negative,
with ablack background and white box; and
the (optional) positive, with white
background and black box. The contrasts of

V/2

the negative box Cg and the positive box C'

J

are given by H/5

Co=—2tc  cg-Litlr (1) NEGATIVE PATTERN
L +Lg 2Lc

where L¢ is the luminance at the center V/6 AND H/6 ALSO

position, L isthe luminance at the left ACCEPTABLE..

position, and Ly is the luminance at the

right position. (The factor of two comes

from the average of the two background measurements.)

V/5 AND H/5 SHOWN..

POSITIVE PATTERN

H/5 |H/5

a1 B

L. Lc Le

SETUP: Arrange to measure the center luminance of awhite box centered
on ablack screen (negative pattern). (And optionally the positive

Reporting Results
(Sample Data)

pattern.) The box should be in the range of 1/5 to 1/6 the diagonal of

Pattern

egative (white

ox)

the screen. See Section 301 for any standard setup details.

L

0.451 ¢d/m*

SPECIFIC: Centered white box on black screen (and optionally inverse

Lr

0.492 ¢d/m*

positive pattern).

Lo

95.6 cd/m*

Cs

101

@ W E = (o

PROCEDURE: Measure the center luminance of the white box. Then measure the black luminance of on each

horizontal side of the box at a distance of one half the box size from the edge of the box.

ANALYSISAND REPORTING: Calculate the box contrast Cg according to Eq. 1. (Optionally add C'g.)
COMMENTS: Be careful in making the black measurement. Avoid glare corruption of black by using a black-
gloss cone mask. See Veiling-Glare and Lens-Flare Errors (A101) for details on measurements of black in the

presence of white.

anon-perpendicular viewing angleis used it must be reported with the contrast value.

veiling glare or lens flare (A101-1).

WARNING: When making measurements using the (optional) positive pattern, the black
measurement can be grossly inaccurate unless proper accounting (and/or correction) is made for

NOTE: The full-screen contrast ratio is the contrast metric that is always assumed unless specified otherwise for
direct-view display technologies (not necessarily projection systems or any display that places a lens between the pixel
surface and the viewed image—head-mount, head-up, etc.). Any other contrast metric must be properly identified explicitly
if it isnot this full-screen contrast ratio. We strongly suggest the above Cr in any characterization of direct-view displays. If
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304-4 GRAY SCALE OF CENTERED BOX

<— H/2 H/2

DESCRIPTION: We measure the luminance of a H/S —> <—
gray box for eight (optionally 16 or more)
gray levels from white to black. A gamma
value can be determined if appropriate. See
Gray Scale of Full Screen (302-5).

SETUP: Arrange to measure the center luminance
of abox centered on the screen for eight
(optionally 16 or more) gray levels for the box
from white to black. The box should bein the
range of 1/5 to 1/6 the diagonal of the screen.
See Gray Scale of Full Screen (302-5) for
details on establishing the gray scale. See L J

C J

Section 301 for any standard setup details. V/5 AND H/5 SHOWN. V/6 AND H/6 ALSO ACCEPTABLE.
SPECIFIC: Centered white box, then black screen.

@S E A 0

PROCEDURE: Measure the center box luminance of each of the gray levels from white to black.

ANALYSIS: See the section on Gray Scale of Full Screen (302-5) for any analysis and, optionally, a determination
of agamma value.

REPORTING: Report al the gray luminance levels. Optionally report any gamma value. See Gray Scale of Full
Screen (302-5) for examples.

COMMENTS: See Gray Scale of Full Screen (302-5) for comments regarding the gamma value.

\
j.’ realize you measure aﬁm

contrast of 102:1, but it : . ' —

’ instrumentation! I've T think T
looks much better than that done this many times. M| need o beer
to the eye. "(.) :

RUSTIC METROLOGY
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304-5 COLOR GAMUT OF CENTERED BOX

DESCRIPTION: We measure the luminance and chromaticity coordinates (gamut) of a centered box 1/5 to 1/6
the size of the diagonal for all the primary (optionally secondary) colors at the center of the screen.
See the section on Gamut and Colors of Full Screen (302-4) for any details.
SETUP: Arrange to measure the center luminance and chromaticity coordinates of a box centered on the screen for
all the fully saturated primary colors (optionally secondary colors). The box should be in the range of 1/5 to
1/6 the diagonal of the screen. See Section 301 for any standard setup details.
SPECIFIC: Centered box of each primary (optionally secondary) colors.

Ol Jie

A0

PROCEDURE, ANALY SIS, REPORTING, and COMMENTS: See the section on Gamut and Colors of Full
Screen (302-4) for any details.

304-6 COLOR SCALES OF CENTERED BOX

DESCRIPTION: We measure the luminance scale of the primary colors as eight (optionally 16 or more) box color
levels go from the highest luminance of the color to black. Optionally, a gamma value may be determined for
each color if appropriate.

SETUP: Arrange to measure the center luminance of a box centered on the screen for all the fully saturated
primary colors (optionally secondary colors) for eight levels of color intensity. The box should be in the range
of 1/5 to 1/6 the diagonal of the screen. See Section 301 for any standard setup details. See Color Scales of Full
Screen (302-6) for further details.

SPECIFIC: Centered box of each primary (optionally secondary) colors at eight levels.

@B EE o

PROCEDURE, ANALY SIS, REPORTING, and COMMENTS: See Color Scales of Full Screen (302-6) for
further details

H/2 H/2
H5— | k=
V/2
ik
T
vis V/2

V/5 AND H/5 SHOWN
V/6 AND H/6 ALSO ACCEPTABLE.
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304-7 HALATION

DESCRIPTION: We measure the luminance of a black box with a white background as the size of the box is
adjusted from a small fraction of the screen to full screen.
Halation is said to occur when light from surrounding white areas corrupts a black area on the screen.
This measurement is a method to characterize the amount of halation for a black box at the center of awhite
screen.

i HALATION ]

O P N W » 00 O

0 20 40 60 80 100
Black Box Size as Percent of Diagonal

Luminance of Black Box (cd/m?®)

SETUP: Arrange for abox to vary in size from 5 % of the screen diagonal to

the full screen. See Section 301 for any standard setup details. An_alyss— Sample Data
SPECIFIC: Centered black box of varying sizes on a white background. White (L_W) 93.7 >
T — = Box % Diag. Lpox cd/m
@ WA 0 Conem i
7 =000 0,
PROCEDURE: Use a sequence of centered black boxes on awhite ;8 0;2 ?:2
background with the size of the boxes being kH x kV where k = 0.05, 0.1, 30% 1 i
0.2, ..., 0.9, 1.0. If the smaller boxes are less than 110 % of your minimum 5 .
measurement FOV, arrange a cone mask (see A101) over the screen with a 40% 9.923
hole of diameter 0.045 times the lesser of the H or V, and make al 90 % 0.769
measurement with the mask and LMD rigidly fixed in place. The readings 609 0.655
won't reflect the true luminance, but we are only going to need ratios. 70% 0.523
Start with measuring the white full screen luminance and then do al the 80 % 0.498
boxes. Plot the luminance of the box vs. the area of the box (HVK?) or the 90 % 0.473
luminance of the box vs. the k factor (in percent or decimal). 100 % (Ly) 0.468
ANALYSIS & REPORTING: Calculate the ratio of the difference between Halation 6.0
maximum box luminance L and the full-screen black luminance L, to
the full-screen white luminance L, as the halation in percent 100%(Lmax - Lp)/Ly- Reporting
REPORTING: Report the full-screen white and black luminances, the minimum box (Sample Data)
size used, the maximum box luminance (usually the smallest box), and the Ly 95.7
resulting halation. Ly 0.468
COMMENTS: Be careful in making the black measurement. Avoid glare corruption Mir=Box 5
of black by using a black-gloss cone mask. See Veiling-Glare and Lens-Flare [ 6.23
Errors (A101) for details on measurements of black in the presence of white. Halation 6.0
WARNING

This measurement can be grossly inaccurate unless proper accounting
(and/or correction) is made for veiling glare or lens flare (A101-1).
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304-8 LUMINANCE LOADING

DESCRIPTION: We measure the luminance of awhite box with a black background as the size of the box is

adjusted from a small fraction of the screen to full screen.

Luminance loading is said to occur when the luminance of a white area on a screen changes as the white

area changes its size. In some cases this can be a desirable effect, in other cases it can be objectionable. This

method is away to characterize the effect luminance loading.
160 .

140+
120+
100+
80}
60}
40+
20}
0

Luminance of White Box (cd/m?)

LCI)ADINGI

0 20 40

60

80 100

White Box Size as Percent of Diagonal

SETUP: Arrange for abox to vary in size from 5 % of the screen diagonal to the full screen. See Section 301 for

any standard setup details.

SPECIFIC: Ce;;%gd white box o: varying sz?sucum a black background. An alys_is— Sample Dataz
@ § @Q . E‘%j \i‘ @ Box % Diag. Lpox CA/m
= il 5% (Lex) 157
0
PROCEDURE: Use awhite box on a black background. Start with full- ;8 (;z :::
screen white and go down to 0.05Hx0.05V as with halation (previous 30% s
measurement, 304-7). Plot the results. 20 % 168
ANALYSIS: Calculate the ratio of the difference in percent of the extreme 50 % 105
value from the full-screen white L and full-screen white L,,. The 60 % 102
loading is 100%( Lext - Lw)/Ly- 5
REPORTING: Report the full-screen white, the minimum box size used, the % 100
maximum box luminance (usually the smallest box), and the resulting 80% 98.1
loading. 90 % 97.3
COMMENTS: Itis advisable to use a black-gloss cone mask for all 100 % (Lw) 96.2
measurements since there can be a small error in the LMD where the Loading 63
measured luminance is slightly dependent upon the size of the areato which the Reporting
lensis exposed. See Veiling-Glare and Lens-Flare Errors (A101) for details on (Sample Data)
measurements of a white region of changing size. L, 96.2
Min. Box 5
Lext 157
L oading 63
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304-9 CHECKERBOARD LUMINANCE & CONTRAST (n~ m)

DESCRIPTION: We measure the black and white luminances at the vicinity of the center of a checkerboard
pattern and calcul ate the contrast.

The specification n~ misthe number of columns (n) by the number of rows (m). There are several types
of checkerboards. One has even rows and columns in each dimension. Another has odd rows and columnsin
each dimension. Most will use either the even or odd patterns. There are two types that mix even and odd that
will probably be rarely, if ever, used. The only type of checkerboard what will be measured using only one
pattern is the even checkerboard. All the other types (containing an odd component) require two with one
being the negative of the other. In the figure we show some examples for illustration. The contrast ratio is
Cc=L,/L,, whereL, and L, are either the center measurements in the case of the odd checkerboard or
averages of white and black boxes about the center in all other cases:

ODD: C; = Lw , EVEN & EVEN/ODD: C; = Lwi* Lr , ODD/EVEN: C. = . (D

Ly Ly + Ly Lit * Lo
Here, the first letter in the subscript refers to black or white, and the second letter in the subscript is“1” for
left, “r” for right, “t” for top, and “b” for bottom. See the figure.

Lwt + wa

EVEN 6x 6 ODD 5x 5 EVEN/ODD 6 x 5 ODD/EVEN 5x 4

~
CLu Los < Lya| Lor CLW’[ Lot
L L

Summary of Checkerboard Formats
Checkerboard Pattern | Required White Black Contrast
Columns Rows Patterns Ly Ly Cc=Ly/Ly
L, + L
Even Even 1 L+ Lur | Ly + Ly Cc =
Ly + Ly
I‘W
Odd Odd 2 Lu Ly Cec= T
b
L, +L
Even Odd 2 Lw + Lur | Lo+ Lo Cg=—t——wr
Ly + Ly
+
Odd Even 2 LWt + wa th + Lbb CC - LWt LWb
Lyt + L
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SETUP: Arrange to measure the black and white luminances at the center of the boxes at or in the vicinity of the
center of a checkerboard pattern. If either the number of columns or the number of rows is odd, then the
negative of the pattern must also be measured. See Section 301 for any standard setup details.

SPECIFIC: Checkerboard pattern (also its negative if either the number of columns or rows is odd).

+ |4 @ W g (¢

PROCEDURE: Display the desired checkerboard pattern. The luminances are measured at the center of the boxes
(3 % of the screen diagonal) nearest the center of the screen according to the scheme shown in the figure (the
“+” signsindicate the measurement positions). For even checkerboards measure the luminance at the center of
the four boxes positioned next to the center of the DUT. For odd checkerboards measure at the center of the
screen for each of the two (negative and positive) patterns obtaining the black and white luminance directly.
For even/odd checkerboards measure the luminance of black and white on each side of the center of the screen
for both the negative and positive patterns. For odd/even checkerboards measure the luminance of black and
white above and below the center of the screen for both the negative and positive patterns.

ANALYSIS: See Table 1 for an outline of the procedure. For even, even/odd, and odd/even checkerboards, using
the appropriate formulain Eqg. 1, obtain the average of the black and white recorded luminances then calculate
the contrast. For odd checkerboards cal cul ate the contrast from the black and white luminances from the two
patterns.

REPORTING: Report the n~ m checkerboard used, the black luminance, the white luminance, and the
checkerboard contrast to no more than three significant figures. Use the average luminance values when
reporting the black and white luminances for the even, even/odd, or odd/even checkerboards.

COMMENTS: Be careful in making the black measurement. Avoid glare corruption of black by using a black-
gloss cone mask. See Veiling-Glare and Lens-Flare Errors (A101) for details on measurements of black in the
presence of white.

Note: (1) The obvious limit to the checkerboard is the alternating-pixel checkerboard (301-3h) where each
pixel is either dark or light in the checkerboard pattern. This also may be employed. However, distinguishing
between even or odd is unimportant. A sampling of the dark and light pixelsin the center area would be more
reasonable. Small area measurements techniques must be used (A101-2). (2) There may be instances where a
white and black checkerboard is not as useful as a checkerboard composed of two different gray levels (or even
colors). There can be no objection to such modifications provided all interested parties are agreeable, and the
modification is clearly documented in any report.

Analysis— Sample Data Reporting Analysis — Sampfe’bata
Even Checkerboard (Sample Data) Odd Checkerboard
Checkerboard 626 Checkerboard 5x5 Checkerboard 5x5
Lwi 101 15 0.451 Ly 103 L 103
Lr 105 Lo 0.477 Ly 0.464 g 0.464
L 103 Ly 0.464 C¢ 245 Ce 245
Cc 245

NOTE: The full-screen contrast ratio is the contrast metric that is always assumed unless specified otherwise for
direct-view display technologies (not necessarily projection systems or any display that places a lens between the pixel
surface and the viewed image—head-mount, head-up, etc.). Any other contrast metric must be properly identified
explicitly if it is not this full-screen contrast ratio. We strongly suggest the above Cr in any characterization of direct-
view displays. If a non-perpendicular viewing angle is used it must be reported with the contrast value.

WARNING: When making measurements using the (optional) positive pattern, the black
measurement can be grossly inaccurate unless proper accounting (and/or correction) is made for
veiling glare or lens flare (A101-1).
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305 TEMPORAL PERFORMANCE

This section covers the measurement of phenomena for which the /\
time dependence is desired. The detector required to measure the response
time or transition time of any phenomena should have a response of better
than 1/10 the fastest part of the phenomena under measurement. Our
present offering is as follows:

* 305-1 RESPONSE TIME
305-2 RESIDUAL IMAGE
305-3 WARM-UP-TIME MEASUREMENT
305-4 DOMINANT FLICKER COMPONENT
305-5 FILTERED FLICKER

* Part of the Suite of Basic Measurements (SBM).

SYRE

I see flicker and you
don't. Now what do It says here for you
we do? to leave the room.

NOTE: The full-screen contrast ratio is the contrast metric that is always assumed unless specified
otherwise for direct-view display technologies (not necessarily projection systems or any display that places a
lens between the pixel surface and the viewed image—head-mount, head-up, etc.). Any other contrast metric
must be properly identified explicitly if it is not this full-screen contrast ratio. We strongly suggest the above Cg
in any characterization of direct-view displays. If a non-perpendicular viewing angle is used it must be reported
with the contrast value.

WARNING: When making measurements of black with lighter colors on the screen
(including white) the measurement can be grossly inaccurate unless proper accounting
(and/or correction) is made for veiling glare or lens flare (A101).
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\

SBM

STORAGE
MAX OSCILLOSCOPE
SETUP: The SRF is measured with an LMD capable of 90%

producing alinear response to rapid changesin o |(=
luminance. The LMD response time and sample time ==
should be less than one tenth the minimum transition 10% {
time: Tump < 0.1emin(Ton, Tetr). The LMD need not be dark 0
field corrected, and does not require photopic correction q) ®
unless the color of the test pattern changes between L, |

305-1 RESPONSE TIME S
DESCRIPTION: The response time of a pixel is a measure of ] TIME-RESOLVED SBM
how fast the pixel can turn on and turn off. A slow LMD
response time can greatly affect the display of animation
or motion video as well as the ability to follow a moving

cursor. Here we measure the electro-optical step response
function (SRF) resulting from pixel
activation/deactivation, and report the pixel turn-on, turn- L] FPD
off, and image-formation times. Units: s, ms. Symbols:
Tons Toft s Tt = Ton + Terr, respectively.

(full white) and L;, (full black). LMD samples as a function of time are typically collected, stored, processed,
and displayed by a storage device such as a computer or storage oscilloscope. See section A106 (Detector
Linearity Diagnostic) and section A110 (Temporal Response Diagnostics) for more information. The required
pattern is discussed in the Procedure section below. See Section 301 for any standard setup details.

SPECIFIC: Asdiscussed above.

[ W -§

XXX

PROCEDURE: Change the test pattern from the off

state to the on state, and measure the resulting V(D)

positive SRF (PSRF). The PSRF curve should
include steady state on (L0) and off (L)
reference levels representing L, and L. Change
the test pattern from the on state to the off state,
and measure the resulting negative SRF (NSRF).

Frame refresh, backlight modulation or other
sources may superimpose a periodic ripple on top
of the SRF curve. If thisripple affects
measurement repeatability, it may be controlled 0
by a“tuned” moving window average filter 0 Time, t t
(assuming a digitized output of the LMD): Let the
ripple period bet, the LMD sample rate be s, the raw time-dependent light measurements taken at intervals of
1/sbel;, and DN be the number of light data points collected during the ripple period DN =t s, then the
resultant moving-window-average-filtered signal § isgiven by

V(t) — voltage vs. time

V.V VUN

1 n=i+DN-1
=— 32 L
S ON na;i n.

See the appendix A218 (Digital Filtering by Moving Window Average) for more information.
The shape, position, color, intensity, and blink rate of an appropriate test pattern depends on the display
technology, and should satisfy the following requirements:
1. Thetest pattern should alternately switch between L, and L}, unless otherwise noted. Some technologies
exhibit fast response times for white-black transitions, but much slower response for gray-scale transitions.
If awhite-black (on-off) transition is not used, it must be clearly specified to all interested parties.
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2. Thetest pattern blink rate should be slow enough to ensure that both the leading and trailing edges of the
recorded PSRF/NSRF waveform are flat, so that L;oo and Lo can be accurately determined. If this
reguirement cannot be met, L;9o and Ly may be measured separately as long as they do not drift
significantly during the SRF measurements.

In the event that the luminance asymptotically approaches the steady state value and, therefore, does
not lend itself to a reasonable measurement of these response times, it is permissible to use alevel line that
is5 % away from the steady-state level line asthe 0 % or 100 % level line. Use as a criterion for
implementing a5 % shift as follows: if the 10 % to 90 % response time is more than three times 20 % to
80 % response time, then the 5 % shifted level reference line may be used. Alternatively, the 20 % to 80 %
response time may be employed as a replacement for the 10 % to 90 % response time. Such a usage must be
noted in any reporting document.

3. Thetest pattern may be smaller than the detector image area if the filtered luminance contribution of the
background (detector image area not covered by the test pattern) is constant. Non-constant backgrounds
may alternatively be removed using image-processing techniques (not covered in this document—"an
exercise for the student”).

4. Ingenera, the test pattern should be as small as possible, since we are (ideally) measuring the response of
asingle pixel. As a practical matter, LMDs often produce larger signal to noise ratios and more repeatable
measurements when larger targets are used. Larger targets may be used if the following two requirements
(5 and 6) are met:

5. When multi-pixel test patterns are generated and displayed in araster based display system, it is possible
for the test pattern update to be occasionally split across two or more display refresh cycles. When this
problem can not be eliminated (by techniques such as frame-synchronous palette switching), it should be
reduced as much as practical (typically, by using targets with a small number of rows). Anomalous large
measurements of T; caused by test pattern splitting should be discarded.

6. Even within asingle display refresh cycle, sometimeistypically required to electrically address’command
the pixelsin the test pattern from the on state to the off state. The Test Pattern Update Time (Trpy) iSthe
time between the first and last pixel updates in the selected test pattern. The size, shape and position of the
test pattern should be selected so that Tpy < 0.1T;. Note that for most display technologies, the largest
possible value for Trpy isthe refresh time Tr: in thiscase, if Tr < 0.1T;, the Typy requirement is met. Note
also that the test pattern should not span the seam on dual-scanned displays or tiled displays, since this will
cause Trpy to equal T;. Since Trpy can be difficult to calculate or measure, the following diagnostic may be
used instead of an actual Trpy measurement/calculation: Measure T; twice, once using the intended test
pattern, and the second time using a very small test pattern (asingle pixel if possible) . If the two
measurements agree within 5 %, then the Trpy, requirement is met.

Tlo Tgo T90 Tlo
95 Ton ‘e 9’ Toff e
V(t) : : I—100 : :

— e e o o o o o e e = =

Time, t t
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ANALYSIS: Apply ripple filters as necessary. Calculate Liange = Lioo - Lo, Lig = 0.1Lrange + Lo and
Loo = 0.9L;ange + Lo. Find the times Tig, T140 &t Which the PSRF equals Ly, Leo (using linear interpolation
between the bounding data points) and record To, = Tgg - T1o. INn @similar way, measure the NSRF and record
Tott = T1o- Too.

REPORTING: Report the test pattern used (position, size, color, and blink on/off times), the LMD sample rate,
the filtering used (if any), Ton, Toff, @nd Tr. Optionally, the raw and filtered SRF curves may be included with
the reporting sheet. If multiple independent measurements are made, report the mean of the resulting values.

Tfs TO
< T, —>

V(1)

e — e _— - — = -

0
0 Time, t t

COMMENTS: T,, and T only measure the optical SRF curve: any delay between the electrical activation of a
pixel and the start of the pixel’s optical SRF is not measured. The alternate measurement method described
here measures the two additional values T, = PSRF time from electrical activation to Ty, and T, = NSRF time
from electrical deactivation to Ty,. This measurement procedure is intended to be identical to the procedure in
section 5.2 of EIAJ ED-2522. Note that this procedure requires access to DUT electrical signals and timing
information.

The electrical activation/deactivation time (To) is the time when the centermost pixel of the test pattern is
addressed by the DUT hardware. Since thistime is difficult to measure directly, it is normally calculated as
To= Tis+ Tg, Where T is an electrical start of frame synchronization signal (typically acquired from the DUT
signal connector), and T is the scanning time from T, to centermost pixel of the test pattern. (Typically
calculated from the DUT timing diagrams).

r\'/’ Um... we measured it at one

Your specs say a hour and then again at two
backlight of 300000 hours and extrapolated to
hours...?! What life zero luminance.

metric did you use?
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DAMAGE
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POSSIBLE

305-2 RESIDUAL IMAGE

(latent image, burn-in, image retention)

checkerboard _| ? ﬁ o @ §
patterns. - e
PROCEDURE:

NOTE: This measurement can cause irreparable damage to

the display.

DESCRIPTION: Measure the residual image of a high-

contrast checkerboard. Units: in percent of full-screen
white. Symboal: Ry for white, Rg for black.

This is a measurement of how the screen is affected by
long-term static images. We will see how along-term
static 5 5 checkerboard affects the display of a full-white
screen and a full-black screen. Initialy, we will measure
the full screens of both white and black at three locations
to account for any local luminance nonuniformities. Then
we burn in the checkerboard. Finally examine full screen
white and black to see if there is any residual image.

SETUP: Arrange to measure the display at three points | eft of

center a distance of the checkerboard box width, at center,
and right of center a distance of a box width. Depending
upon how uniform the screen is, it may be necessary to
measure at the exact same three locations throughout the
procedure. This will require a reproducible positioning of
the LMD relative to the screen. You will need to display a
white full screen, ablack full screen,anda5” 5
checkerboard pattern of black and white boxes with a
black box at the center and box size of 1/5 of the screen.

SPECIFIC: Full-screen white, full screen black, and 5 5

Initial M easurements:

Display awhite full screen DAMAGE
and measure the center TO DISPLAY
luminance Lyc and the POSSIBLE

luminance on each side of
center Lyg and Ly, (for right and left) a distance of 20 %

fA HI5
Measurement T
Locations T ‘
and V/2 \
Box Size S I+ +
\ V/5
|
||
— = H/5

Initial Measurement Points

~ N )
Lwe Lwe Lwr Let Lec Ller
Crosses used for measurement points are meant to
align within the centers of three consecutive boxes of
the checkerboard pattern.

Burn In Checkerboard for Time t

TIME

Final Measurements on Residual Image

(H/5) of the screen horizontal width H. Similarly, display afull black screen and measure the luminances Lgc,

Lgr, Lg. a the same three locations.

Burn-in: Burn-in the checkerboard image by alowing it to remain displayed continuously for the a certain
number of hourst agreed to by all interested parties (the number of hourst is reported). Near the end of the
burn-in time align the LMD to measure at the same three locations.

Final Measurements: At the end of the burn in time, switch the DUT directly from a checkerboard to awhite
full screen, after atime interval upon which all interested parties agree tr (or as soon as possible) measure the
luminance at the three locations (center, right, left) Kwe, Kwr, Kwe - Then switch the display to a black full
screen, and measure the luminances at the three locations (center, right, left) Kgc, Kgr, KgL . These
measurements should be made in as small atime asis easily possible.

ANALYSIS: In what follows, we will be using ratios of these luminance values. By using ratios, we eliminate the

effects of overall luminance degradation of the display from either an extended warm-up period or from aging.
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We also need to account for any nonuniformity inherent in the screen for the three measurement points. From
the initial measurements determine the uniformity correction factors for white and black screens from the
initial luminance measurements (Lwc, Lwr, Lwe , Lec, Ler, LeL):

Lwr + L Lgr + Lt

Nonuniformity Corrections: U, e Ug A (1)
The residual image factors are then obtained from the final luminance measurements (Kwc, Kwr, Kwe , Kec
Kgr, KaL):
Residual Image Factors Ry = 1- Uy —2rwe g -y, WKer* K )/2]- Kgc )
Kwr + KwL max(Kwe, Kwr: Kwi)
Ry is the fractional amount that the white center has changed relative to the adjacent sides corrected by the
white nonuniformity factor. Rg is the fractional amount that the black center has changed relative to the
adjacent sides corrected by the black nonuniformity factor compared to the maximum Analysis
luminance of the white screen at the three locations. Negative values for Ry or Rg (Sample Data)
indicate reversals from the checkerboard pattern. Quantity | Value
REPORTING: Report the burn-in timet in hours (the agreed upon time interval, in the Lwe 94.6
examples we show 5 hours as an illustration only), the measurement time after burn- Lwr 92.1
in (tr), and the measured residual image of white Ry and black Rg in percent of Lot 955
white full screen to no finer precision than 0.1 %. Reporting A% 0.502
COMMENTS: This measurement does not account for (Sample Data) N 0.453
sensitivity of residual images from colors or gray-scales. Residual Im =R :
age Ly 0.487
Be sure to use a small enough measurement aperture to Burn-int | 5h
be completely contained within a checkerboard . Uw 0.981
measurement box area. It is suggested that at least 20 % |~V 17.8 Us 0.936
of the measured area should extend past the Re 5.4 t 5h
measurement aperture area on all sides. The luminances & A AP tr A AP
for the white and black screens at the center and on each side of the center must be Kwe 70.0
measured in the same time frame (within afew minutes). It cannot be measured Kwr 85.2
before the end of the Burn-in period. The residual image factors may not be uniform Kwi 82.9
over the entire display area. Areas with the most pronounced amount of residual Ksc 0.736
image should be assessed. If it appears to generally be uniform, then measuring at the Kar 5.422
center of the screen and the adjacent boxes is preferred. Note: If deemed appropriate KoL 5.218
by all interested parties and provided any modifications are clearly stated in all Ru 7.8
reporting documentation (1) Other patterns may be used. (2) This measurement can Re 54

be extended to be used with points other than at the center of the screen.

RECOVERY: Thereis no set way to recover from aresidual image. Recovery procedures range from maintaining
afull-screen white for along period of time, displaying a changing series of images, to displaying the negative
image of the image that originally produce the residual image. The manufacturer should be contacted for any
possible recovery technique.

NOTE: Don't be fooled by the values of these measurements. A 5 % change in white luminance is hard to see, but
if you add 5 % of the white luminance to the luminance of a black box, it will be very noticeable. To get a
better idea of what your eye sees, calculate the CIE L* values (see A201, Photometry and Colorimetry
Summary) and use these instead of the luminances in the above equations as a comparison.

For example, a5 % decrease in white from a burn in would, using L* instead of luminance, give an observable
residual image of R'w = 1.7 %. However, take that same 5 % of white and add it to the center black box and the
observable residual image is much more obvious, R's = 36.8 %. This says that the noticeability of the 5 % white added to
the black is much greater than the noticeability of the 5 % drop in white—as we would expect. In our sample data above
the white value of Ry = 17.8 % would become R'w = 6.3 % if we used L* values instead of luminance values. So it would
still be relatively small compared to the visibility of a5 % luminance modification of black. If the white value was
Rw =75 % [2Lwc/(Lwr + Lwi) = 0.252] then to the eye, R'w = 36.8 %, and only then would it appear as noticeable as a
5 % luminance modification of black. The discrepancy between the linear luminance values and the visually observable
values comes from the cube-root factor in the L* determination that attempts to model the response of the eye.

88 D\p‘« 300 OPTICAL — page 88



305 TEMPORAL PERFORMANCE al 305

305-3 WARM-UP-TIME MEASUREMENT

(time to reach luminance stability)

DESCRIPTION: Measure the time required to reach stable luminance
output assessed by aluminance instability of 5 % per hour of
operation or less using a white full-screen center measurement of the
[uminance.

Before making measurements on the DUT, it isimportant that it
has had sufficient time to reach operating stability. If thisis not done,
changes in performance might be attributed to some deficiency of the
display and not because the warm-up was inadequate. Thisis a verification test if there is concern over, need
to change, or desire to measure the warm-up time. The 20-min standard warm-up time should be used unless
thereis atechnical reason for doing otherwise. If the DUT isturned on prior to this measurement, we
recommend that you let the display equilibrate to the ambient temperature for a period of 3 h or longer. A
shorter cool-down time can be used if it has been established as being adequate for the DUT. (Adequacy is
established by turning on the display and measuring L(t) as described below. Then let the display cool for 3 h
whereby the display isturned on and L(t) is re-measured. Let the display cool for 2 h and then turn it on and
re-measure L(t). Repeat this process for as many shorter times you wish. If for any cool-down time period
shorter than 3 h the luminance as a function of time is within 2 % of the entire luminance-versus-time curve
obtained for the three-hour period, then the shorter period may be used.)

SETUP: Do not warm up the DUT prior to making these measurements! Arrange to display awhite full screen
and arrange to measure the center luminance of the screen as soon as the screen displays the white full-screen
image. If the display had been on previously, wait three hours or longer with the display turned off before

attempting a measurement of the warm-up time. See Section 301 for any standard setup details.

XI@ W D~ pE (0

PROCEDURE & ANALYSIS: When the DUT isturned on record the time as t,. Measure L, at t; as soon asyou
can after afull white screen is displayed. Continue to measure the luminance L; at time intervals of ten
minutes or less (there is no objection to measuring as often as you wish and the intervals don’t have to be the
same); the time of the beginning of the measurement ist;. Try to record all times to an uncertainty of 10 s or
less. Asthe luminance levels off to its 95
stable value, look for the shortest time
ts where all the luminance values fall
within £5 % of the fina valuefor a 90
duration Dt of one hour.
Mathematically, tsis the shortest time
for which L-dL £ L; £ L+dL for all L;
within the time interval tg to ts+Dt,
where L isthefina value of L; at the
end of the same interval t; to t+Dt and
dL = 0.05L (5 % of the average).

Nominal 20 min warm-up time
is adequate.

85

80 A 15 min warm-up time could be )
used for this display.

Luminance (cd/m?)

REPORTING: Report the warm-up time ;
in minutes to no more than two 75 ]
significant figures. If the warm-up time
is measured to be lessthan 2 min, it is ]

issible t tth -up ti 0 ——FF
e e rort e Warm-tp Ame 0O 10 20 30 40 50 60 70 80 90

COMMENTS: Generally, the default 20- Time (minutes)

min warm-up time is adequate and will

Fig. 1. Warm-up time measurement of an AMLCD
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rarely have to be validated. However, there may be situations which require a warm-up time measurement:
The recommended 20-minute warm-up period is an estimated adequate time for most displays, the tester may
wish to more precisely determine the warm up time needed for a specific display technology. Conversaly, it
may be required to use alonger warm-up time to assure luminance stability. Once an adequate warm up time
has been established by the above method, it may be considered to be the normal warm up time (instead of the
default 20 min) for the technology and conditions under which it was determined, if desired.

In reality, absolute luminance stability can never be achieved since there are long-term stability and life
issues associated with displays. Luminance will decay over the lifetime of the display, since it requires energy
transfer, which will have efficiency losses. For example, if the lifetime is rated at 10,000 hours for a 100 cd/m2
display, and the display degrades linearly to zero light (which it does not do), the luminance is degrading at the
rate of 0.010 cd/m%h or 0.01 % per hour. In some cases, luminance may actually increase in time for some life
of the display before the life degrading cycle begins. Small luminance changes over long periods such as these
are ignored for warm up. Don’t forget about the stability of the luminance measurement with refreshed displays
or ac-fluorescent backlights because of afinite integration time of the LMD (see A102, Spatial Invariance and
Integration Times, for more details on finite integration times and diagnoses).

So... we figured that people
would rather see cartoons
than blank

space,

Well, yes, that's true... but
only if they're good ones like
Calvin & Hobbes, The Far Side,
Dilbert, Peanuts, and so forth.

ald

e |

ABSOLUTELY! It's
not professionall

So, you think we should
take them out?

g (@31

—
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305-4 DOMINANT FLICKER COMPONENT

(EIAJ flicker level, 1ISO flicker)

DESCRIPTION: We measure intensity as a function of —

time, then use Fourier analysis to compute flicker Ilh'/\I/IEI)E-RESOLVED

intensity as a function of frequency, and finally calculate
flicker levels and report the frequency and flicker level
of the highest flicker peak. Units: Hz, dB

On some display technologies, certain viewing
angles, test patterns, colors, and/or drive levels may
cause the display to appear to flicker, even though a —
constant test pattern is displayed. See section 301-3f
(Flicker Visibility Assessment) for a discussion of FREQUENCY
flicker, and for a subjective flicker test that may be ANALYZER
performed during warm-up.

SETUP: The nominal test pattern is constant full screen
white at maximum drive (Ly). If other empirically or J
analytically derived worst-case test patterns are used, the L
changed color, drive level, pattern, and/or viewing angle
should be listed in the report. (P ®

On some displays, gray scaleis displayed using |
multiple refresh frames. Use the DUT design
documentation to calculate Frepeition (NOrmally the frame refresh rate divided by some integer), which isthe
gray scale image repetition frequency. Frepeiion May also be derived from manual or automatic inspection of the
intensity waveform.

Intensity as a function of time may be measured with the same LMD used in 305-1 “Response Time”,
with the following additional requirements (other apparatus may be used if the same results are obtained):

1. TheLMD must be dark field (zero) corrected.

2. The LMD must be photopically corrected unlessit is known that there is no color shift as aresult of

flicker.

3. The LMD output should be low-pass filtered, with band pass of 0 to 150Hz(+3db), and -60db at the
sample frequency. Thisfiltering can be done in the LMD itself, or by filtering oversampled data using
adigital filter such as the moving-window-average filter.

Intensity as a function of frequency is computed by Fourier analysis. The measurement procedure bel ow
assumes the use of afast Fourier transform (FFT) on adigital computer. Other analysis procedures may be
used if the same results are obtained. The sample frequency Fsampie Should be adjusted so that
Nsanples = Fsample / Frepaition 1S @t |€ast 64, and a power of two (64, 128, 256, ...). If Fsmpe Cannot be adjusted, the
intensity data should be digitally re-sampled to achieve the same effect. This sample rate restriction helps to
calculate accurate flicker peaks by insuring that the sub-harmonics of  Fiepeition @€ Nt split between two FFT
frequency range “buckets’. Other techniques may also be used as long as the same results are obtained. See
section 301 for any standard setup details.

SPECIFIC: Described above.

g s Awel Ll es - [RIE(

PROCEDURE:

1. Display the selected test pattern, and wait until the test pattern is stable.

2. Collect the array fra[0...Nempies - 1] intensity data samples at the sample frequency Fempie.

3. Calculate the FFT coefficients and the corresponding flicker levels. For each FFT frequency, the resulting
coefficient is weighted by (multiplied by) the corresponding scaling factor in the table below. Thisweighting is
performed to adjust the measured flicker levels to match the approximate temporal flicker sensitivity of the
human eye, where flicker sensitivity decreases as the flicker frequency increases.
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Table 1. Flicker Weighting Factors 0
Use linear interpolation between the listed frequencies. | m° -5}
“ Scaling: dB” is equivalent to “ Scaling: Factor” 2 10t
Frequency: Hz Scaling: dB Scaling: Factor | £
20 0 1.00 2 15
30 -3 0.708 £ -20
40 -6 0.501 n o5l
50 -12 0.251 o
x -30r
>= 60 -40 0.010 =
ANALYSIS: L -35f
1. Validate the FFT agorithm as per the FFT validation -40 : : . : .
section in the comments bel ow. 0 10 ) 20 30 40 50 60
2. Usefa] ] to caculate fifO...(Namped2) - 1, the array Flicker Frequency (Hz)
of FFT coefficients, each representing the flicker intensity for a certain frequency range. Note that the center
frequency of fisc[N] = NFsample/Nsamples: AlSO Note that fi1[0] is the DC, or average, intensity.
3. Scalethefi[ ] array by the human visual sensitivity factorsin the Table 1, using linear interpolation between
the listed values, yielding the scaled FFT coefficient array fy[ .
4. For each element in f4q [ ], calculate the flicker level = 2010g10(2f o[ N]/fs1t[0]) dB. (Thisis the equation for

calculating dB directly from the validated FFT coefficients. If the flicker level is to be calculated from "power
spectrum” FFT coefficients, where each coefficient has been squared, EITHER take the sguare root of each
coefficient to yield the validated form, OR use the alternate equation flicker level
=10log10(power[n]/power[0]dB.) Here, we are calculating the weighted flicker level at each frequency in
decibels with respect to the mean luminance.

REPORTING: Report any variations from standard setup/test pattern, Fiepeition, Fsample: @nd the frequency and

value of the largest flicker level. Optionally, report all flicker levels.

COMMENTS: This measurement is intended to be consistent with section 5.13, “Flicker”, in EIAJ ED-2522. If

the LMD is photopically corrected and calibrated, the FFT coefficient array fi [ ] isidentical to the array

FFT(v) in section B.2.2 “Fourier Coefficients’ in 1SO 13406-2 Annex B. Please note that the flicker weighting

factors shown are from the EIAJ document. Other weighting factors may be used, aslong as all interested

parties agree and the alternate factors are clearly reported in all documentation. War ning: Display flicker can
cause discomfort in varying degrees depending on the individual, and can precipitate epileptic seizuresin

susceptible individuals [see P. Wolf and R. Goosses, Relation of photosensitivity to epileptic syndromes, J.

Neurol., Neurosurg., and Psychiat. 49, 1386-1391 (1986)]. The problem tends to be worse for frequencies near

10 Hz, for greater modulation depths, for greater angular subtense of the flicker, and for redder light. If any

display has a substantial flicker component near 10 Hz, thisis cause for concern.

The FFT algorithm should return un-normalized results, with the average of the sampled values as the
first term. The FFT algorithm can be validated using the following procedure:

1. Set Nsamples=64; f4,[0...47] = 100; f,a,[48...63] = 0.

2. Perform the FFT calculation.

3. Thefirst four resulting terms of fi [ ] should be { 75.00, 22.50, 15.94, 7.54}, or these values scaled by any
constant amount. Noncompliant FFT algorithms might be corrected by replacing the first term with the
average of the sampled values, or by scaling the remaining terms by afactor of two.

4. Worked Example: Use the raw data asin #1 above, and Frepetition=15 Hz. (This might represent some
hypothetical bi-level display with a 60 Hz refresh rate, using the four frame encoding (1,1,1,0) to
represent 75 % full white.) The maximum flicker level for this hypothetical display is-4.4 dB at 15 Hz.

Table 2. Sample Data
Index | e Iz,:eg Weight | fefic LS: 'EErB)
0 75 DC 1 EAA s
1 22.5 15 1 225 -4.4
2 15.94 30 0.708 11.29 -10.4
3 7.54 45 0.376 2.84 -22.4

92 W.‘!( 300 OPTICAL — page 92



305 TEMPORAL PERFORMANCE 5,’

305-5 FLICKER MODULATION AMPLITUDE

NOTE: This measurement is currently under study and

DESCRIPTION: We provide asimple flicker

is presented here as a possible useful alternative to
mor e complicated flicker measurements.

characterization—called flicker modulation
amplitude (FMA)—by measuring the time-
dependent amplitude modulation of the screen
luminance filtered according to an empirical flicker
sensitivity function based on frequency.

Thisisasimplified measurement of flicker
phenomenathat may assist in the establishment of
design and acceptance criteria on the phenomena
giving rise to flicker (without requiring FFT

Filter

analysis). It may be useful for simple modulations Fig. 1. Equipment with optional frequency counter.
of the luminance. Please note that the flicker visibility EIAJ Flicker Sensitivity vs. Frequency
threshold data shown are from the EIAJ document (see Freq. (Hz) [Flicker Sensitivity| Scaling: Factor
305-4 for more details). Other flicker visibility threshold f (dB) F(f)

data may be used, aslong as al interested parties agree 20 0 1.00

and the alternate factors are clearly reported in al 20 3 0.708

documentation.

On some display technologies, certain viewing 40 -6 0.501
angles, test patterns, colors, and/or drive levels may 0 -12 0.251
cause the display to appear to flicker, even though a >= 60 -40 0.010
constant test pattern is displayed. See section 301-3f 0 - ; y -
(Flicker Visibility Assessment) for a discussion of m -5}
flicker, and for a subjective flicker test that may be = 10t
performed during warm-up. 2

SETUP: Equipment: In order to capture the time- :E -15¢
dependence of the luminance, an LMD that hasa 2 -20t
sufficiently fast response must be used (thisis your $ 25t
responsihility to establish this—see A110 for temporal )
response diagnostics). The output of the LMD must be f‘_) -30r
properly terminated at the filter (to avoid signa o -35¢
reflections within the connecting cable). An oscilloscope -40 - . s ' -
measures the output of the filter. The LMD must also not 0 10 20 30 40 50 60
saturate at the peak of the luminance profile (check this Flicker Frequency (Hz)
out by removing the filter and looking at the output of Fig. 2. EIAJ flicker sensitivity curve.

the LMD directly). Thefilter is provided to

electronically replicate the flicker visibility threshold curve used, and can be either analog (shown) or be
achieved by digital processing. The filter should be tested. The LMD can be at any specified angle from the
normal and measure anywhere on the screen that provides the worst case flicker.

Test Pattern: The nominal test pattern is a constant full screen. Empirically or analytically derived worst-case
test patterns are used with the color, drive level, pattern, and/or viewing angle should be listed in the report.
(See section 301-3f, Flicker Visibility Assessment, for further discussion about flicker characteristics and
determining patterns to be used.). Flicker may be examined with ambient lighting, but the luminance
measurements should be made in a darkroom

SPECIFIC: Worst-case test pattern described above. See Section 301 for any standard setup details.

T E2
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PROCEDURE & ANALYSIS:
The analysis and procedure below assumes the filtered luminance
profile V(t) and not the unfiltered luminance profile.
1. Determine the worst case flicker pattern. For example, while
changing the gray levels from white to black, determine the peak-
to-peak modulation of the filtered luminance V,, (use ac
coupling) and compare it to the approximate average dc level Vg,
(use dc coupling). Look for the pattern that produces the largest

ratio Vp/ Ve

2. Determine the frequency of the modulation f as the inverse of
the modulation period T. A frequency counter may be used to

305 TEMPORAL PERFORMANCE

determine this provided it is connected after the filter.
3. Measure the filtered luminance as a function of time according

to the above setup conditions. Set the time base of the oscilloscope dc
for no more than 10 ms per division. Use dc coupling.
a) Determine the location of the ground line (i.e., zero

luminance level, Vo) by blocking all light to the LMD, as

with alens cap.

b) Measure the maximum of the waveform V.
¢) Measure the minimum of the waveform V.

d) Determine the percent flicker modulation amplitude (FMA) %
asfollows.
Vo -V b)
FMA = 1009%—T& M0
max
For small modulation amplitudes (less than 13 %) that are N
difficult to read or measure on the oscilloscope screen using dc
coupling, a good approximation will be obtained by measuring v
the peak-to-peak luminance amplitude modulation V,, using ac pp
coupling and comparing it to the approximate dc level Vg,
obtained from dc coupling.
v VA
FMA =100%—> (for small signals only).
dc
REPORTING: REpOrt Vi, Vain, (0r for small signals Vyp and Vi), c)

and the main frequency f to no more than three significant
figures, and report the FMA to no more than two significant

figures. Also report the pattern that was chosen. If the LMD is

— —
L/ NS N
Vmin Vmax
500mV 5Mms
V= LMD zero reference level dc coupling
Vmin Vmax
500mV 5Mms
V= LMD zero reference level dc coupling
TN N A
NNy
\ \
/ / /
NN
VTN AW
10mV 5ms
ac coupling

Fig. 3. Examples of oscilloscope traces:
a) 15% FMA, b) & c) with small
modulation providing 1.6% FMA

located at a non-perpendicular direction and does not measure the
center of the screen, it should be reported.
COMMENTS: There may be differences in the result obtained from this measurement and the FFT method
(305- 4), such asfor flicker with numerous frequency components of relatively high magnitude or if there are
low repetition rate components of the flicker. Any low repetition rate component of the flicker can be viewed
as part of the results. Warning: Display flicker can cause discomfort in varying degrees depending on the
individual, and can precipitate epileptic seizures in susceptible individuals [see P. Wolf and R. Goosses,
Relation of photosensitivity to epileptic syndromes, J. Neurol., Neurosurg., and Psychiat. 49, 1386-1391
(1986)]. The problem tends to be worse for frequencies near 10 Hz, for greater modulation depths, for greater
angular subtense of the flicker, and for redder light. If any display has a substantial flicker component near 10
Hz, thisis cause for concern.

Reporting — Sample Data
Example | Pattern | Level | # LevelS| Vimax OF Ve | Vimin OF Vi | T (M9) | T (HZ) | FEMA
Fig 3a gray 5 16 6.5V 5.5V 20 50 |15%
Fig.3b& c| gray 8 16 3V 0.050v 20 50 [16%

« (]
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306 UNIFORMITY

Uniformity refers to a metric that characterizes the changes in
luminance or color over the surface of a screen. However, just the differences are
not the only thing important. The gradient of the luminance shift over the screen
isalso important. A screen that slowly changes in luminance 20 % over its entire
surface would not readily be noticed to the eye. But if that change were to occur
over a one-degree range from the viewer’ s perspective, it would be noticeable. Nl
We start with sampled uniformity because of its simplicity. More measurements
will be added as the procedures become fully devel oped.

L uminance unifor mity (or nonuniformity) is a measure of how well the
luminance remains constant (or changes) over the surface of the screen. A 100 % uniformity would indicate that
the luminance is perfectly uniform across the area of the screen. A 90 % uniformity would indicate that the screen
suffers from a small deviation from perfection. We also speak of nonuniformity. A 10 % nonuniformity would
mean the screen is amost perfect. Sometimes people mean nonuniformity when they say uniformity. For this
reason we define both here. Most of the titlesin this section refer to uniformity, largely because of tradition.
However, the desired metric is usually the nonuniformity. Suppose we measure the luminance at several points on
the screen and determine the minimum L, and maximum L, of that sample set. Uniformity and nonuniformity
are defined by:

Uniformity = 100%-min. , (1)
Lmax
and
Nonuniformity = 1009 -mac ~ Lmin _ 100%§i- Loin @ )
Lmax e max @

Color uniformity refers to how well the color remains constant over the surface of the screen. Conversely,
nonuniformity of color characterizes how the color changes over the surface of the screen. The nonuniformity of
colorsis best specified by the maximum color difference (using some color difference metric) between any two
points on the screen. We recommend the use of the bu"v” color difference metric, where

puwe= (ug- ug)? + (v+v)? 3)
where (u'y, v'1) and (U”, V',) are any two colors, and the relationship between the (x, y) chromaticity coordinates
and the (u”, v") coordinatesis

ue=— Xy N @)
3+12y - 2x 3+12y - 2x
Roughly speaking, two adjacent color patches can usually be distinguished with abu’v” 3 0.004, but for separated
colors, ashift of bu"v” 3 0.04 is often required to notice a color change (see A201).

Sampled vs. Area Uniformity: There are at least two types of uniformity: sampled uniformity and area
uniformity. Sampled uniformity refers to comparing several discrete points on the screen and provides a quick
check of the uniformity. Area uniformity requires the use of a scanning or array LMD to obtain a measure of the
uniformity for the entire display surface. Such measurements can be difficult and require expensive equipment. For
this reason, sampled uniformity is helpful.

Sampled Uniformity: There are several ways to define sampled uniformity for luminance: (1) Determine
the largest deviation from the average: If Lae - Lmin > Limax - Lave then use DL = Lyin - Lave Otherwise let
DL = L - Lave (thisis the extreme value; it will preserve the sign of the greatest deviation). The nonuniformity
could then be expressed by 100% DL /Lae © 100% max|L; - Lae [/Lae- (2) Base the nonuniformity on the average
value 100%(Lma - Lmin )/Lave , OF (3) the standard deviation 100%s /L., Where s, isthe standard deviation of the
L; fori=1, 2, .... (4) Base the nonuniformity on the center measurement 100%max|L. — L;J/L. . (5) Base the
nonuniformity on the deviation from the maximum 100%(L e — Lmin )/Lmax - The working group felt that this last
measure of sampled nonuniformity was the most natural representation of sampled uniformity. We would suggest
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that this measure of uniformity, using five points, be employed when displays are compared based upon a sampled
uniformity.
For colors, the maximum color difference bu’v” between the most ( 0.2
separated sampled pair of colors in the color space must be determined. | i
007)

Y ou might be able to avoid having to calculate the color difference metric
for al the sampled pairs if you graph the (u”, v') colors and are able to
clearly select the largest separation between any two sampled colors. If it is

obvious which pair is furthest apart, the maximum color differenceis bu'v’ (OC‘ 7
for that pair. On the SBM reporting sheet thereis a small array to permit ‘
the graphing of the (u”, v") coordinates over a small area of the (u”, v") 0-5) 1

space (usually awidth and height of 0.1 or 0.2 will suffice). If it is difficult to clearly identify the greatest
separation, graphing will at least help in selecting the most likely pairs, otherwise bu"v” will have to be calculated
for all pairs and the maximum determined.

Weighted Sampled Unifor mity: There may be areason for weighting the sampled uniformity
measurement so that more emphasisis placed on the center of the screen. Again, such a change is acceptable
provided all interested parties are in agreement with the modified procedure. In such a case we would define
weightsw £ 1 associated with each sampled position i. For example, at each sampling point, aluminance
measurement is made L;. An average value for all luminances is determined L. (Or the center value could be
used), and a new set of modified luminances ;' are calculated: L;” = Lae + W(L; — Lase). The nonuniformity, or
uniformity, would then be determined based upon this new set of weighted luminances. This kind of scheme might
be used for displays where the most important areas are at the center of the screen and nonuniformities at the edges
of the screen are of lessimportance. Whatever weighting scheme is used, all interested parties must agree to the
use of such uniformity metrics, and any reporting documentation must clearly state the modified procedure..

Other Sampling Schemes: Weillustrate a symmetrical sampling of the screen using five or nine points.
The working group suggests that a five-point sampled uniformity based on the maximum [uminance be used for
comparisons between displays. Thisis a suggestion. There may be important reasons for using other schemes, nine
point, 25 point, etc. Other sampling schemes are allowed provided it is made clear in any reporting document and
all interested parties agree to such modifications to the procedures. For example, one way is to divide the screen
into small squares along a diagonal, one of which includes the center, along with a square in each corner of the
screen. The brightest, the dimmest, and the center measurement sample points in the uniformity measurement will
be used in the uniformity testing—a three point sampled uniformity. There is no objection to doing this. Simply
use the same procedure with the new locations. See the SO 13406 standard.

Combinations: Combinations of sampled uniformity measurements and other measurements are possible.
For example, you might be interested in the uniformity of the viewing angle. This would mean making a viewing
angle measurement at the uniformity sampling points. Such combinations are straightforward applications of two
procedures in this document.

Viewing Point: In many of the — =
following measurements, the view from the
perpendicular of the flat screen surfaceis (—
specified. This may not always be the type of +
uniformity measurement that is useful for certain
displays and certain tasks. A display might look

very uniform from infinity (all views +
perpendicular from the screen, similar to a +

distant viewer using a telescope to see the

screen), but not have nearly the same uniformity q
when viewed from atypical reading distance e + K-E:

30 cm to 50 cm away from its center. Thus, a ///
sampled uniformity may be more meaningful if
the luminance of the display is measured N /////;J

through aviewing point. That is, the
configuration of the luminance meter and the display is arranged so that the luminance meter is always viewing
through the same point in space located at a specified direction from the normal of the screen and at a specified
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distance from the screen. This configuration replicates what you would have if you were to take a full-frame picture
of the display from the position of the viewing point. Such changes are acceptable provided al interested parties
are in agreement with the procedural modifications and the modifications are clearly stated in all reporting
documentation.

Average Values: The averages calculated are the average of the data obtained. It will often be the case
that any metric calculated using the average values will be different from the average value of the metric applied to
each sampling position. That is, the average of the contrast ratios calculated for each point sLi/Ly; will, in general,
not be equal to the contrast ratio of the averages sLi/SLy;. In our examples this amounts to noting that the column
averages cannot be directly cross-correlated along the rows. As another example, consider the (x;, y;) pairs that
determine the color temperature of each sample point T;. The average of the (x, y) values (Xaqe, Yave) do NOL, in
general, provide the same color temperature as the average of the color temperatures for all the sample points. [See
the definition of CCT in the Glossary for a method to determine CCT from (X, y).]

CONTENTS: (The * indicates the measurement is a part of the SBM.)
* 306-1 SAMPLED UNIFORMITY OF WHITE
* 306-2 SAMPLED UNIFORMITY OF BLACK
* 306-3 SAMPLED UNIFORMITY OF CONTRAST RATIO
306-4 SAMPLED UNIFORMITY OF COLORS
306-5 SAMPLED UNIFORMITY OF DARK GRAY

* 306-6 ANOMALOUSNONUNIFORMITY
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306-1 SAMPLED UNIFORMITY & COLOR OF WHITE

(luminance uniformity, full-bright uniformity)

DESCRIPTION: We measure the luminance and kK — H/2 —k— H/2 —>
(optionally) the chromaticity coordinates of H/10 H/10

full-screen white at five (or nine) specified -2 K— —> |&
points on the screen. The luminance ((
nonuniformity in percent maximum deviation
from the maximum white luminance and
(optionally) the maximum color difference
Du'v” are reported. The uniformity of the
corelated color temperature (CCT) can also be
optionally measured. Units: in percent for V
luminance, none for color difference. Symbol:
none.

SETUP: Display awhite full-screen test
pattern and arrange the luminance meter to
measure the luminance at five (or nine)
positions—see the figure. The points are
numbered left-to-right and top-to-bottom (as
you would read English). The edge points H
(four or eight of them) are 1/10 the screen
height and 1/10 the screen width from the
edge of the image displaying surface.
Positioning uncertainty need only be £3 % of screen diagonal. See Section 301 for any standard setup details.

SPECIFIC: Full screen white test pattern

@S EAE 0

PROCEDURE: Measure the luminance L; (i=5 or 9) and (optionally) the chromaticity coordinates [either (x, y) or
(u”, v')] at the five (or nine) locations subject to above set-up conditions. Five points are suggested for
comparison purposes. At the same time as measuring the white screen for luminance, you may wish to
optionally record the CCT if your LMD has that capability and you need that information (see the Glossary for
the determination of CCT from chromaticity coordinates).

ANALYSIS: From the measured set of luminance values L; (i=5 or 9) determine the minimum luminance L, and
the maximum luminance L, and calculate the average L,.. Calculate the nonuniformity according to

4 Denote 5-point locations. -+ Denote 9-point locations.
1,2,3,4,5 1), (2), 3), ..., (9)

o

Nonuniformity = 100%@ - 100%§L-
e

max

L
L

min

QI

max

For the color of white, obtain the (u”, v") coordinates either by direct measurement if your LMD will permit, or
via calculation from the (X, y) chromaticity coordinates.

uc= L' Ve= g—y .
3+12y - 2x 3+12y - 2x

Determine the largest color difference between the pairs of the sampled colors of white bu’v’.

DU ¢= \/(uf- ug)? + (vg+vg)? .
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REPORTING: Report the number of samples used. Report L, Lma, @nd the nonuniformity to no more than three
significant figures. Report the nonuniformity in percent. Report the maximum color difference to no smaller
uncertainty than +0.001. If CCT is optionally measured, use no more than four significant figures.

COMMENTS: Other color difference metrics such as DE may be useful for some applications—see A201 for more
information on color spaces.

Analysis and Reporting — Sample Data
9pt | Spt| Ly | Lo | Cu | Xw Yw U'w Vw CCT

1 1 [109 |1.02 | 107 |0.250 | 0.650 | 0.097 | 0.568 | 6838

2

3 2 |87.8|0.91|96.50.235| 0.690 | 0.087 | 0.574 | 6968

4

5 3 | 115 | 1.05| 110 0.250'| 0:700 | 0.092 | 0.578 | 6700

6

7 4 | 750 | 215 134:9200:262 | 0.765 | 0.090 | 0.591 | 6396

8

9 5 |97.3| 1.53163.6 | 0.225 | 0.722 | 0.080 | 0.579 | 7027

Ave. 96.8 | 1.33 | 82.4 | Max (0.2,| 6786

Min. 75.1 | 0.91]34.9 |ou'v 0.7) [ 6396

Max. s | 245 | 10 | | (0.0 7027
Nonuniformity | 35 |58 | 68 [0.024 | 0.5) 8.9

Yes, I know this is late. ...
Yes, ... Please remove
those three paragraphs.
... But it is important! ...
But. ... I may get FIRED!
... Well, can you go get it
back from the printers?
... You know, you're doing
a great job with editing
this thing....

300 OPTICAL — page 99 U\p‘!( 99



\

SBM

@@ 306 UNIFORMITY

306-2 SAMPLED UNIFORMITY OF BLACK

DESCRIPTION: We measure the luminance of

: _ . <— H/2 —Kk— H/2 —3
full-screen black at five (or nine) specified H/10 H/10
points on the screen and report the - k= —

nonuniformity in percent maximum deviation

from the maximum black luminance. Units:

in percent. Symbol: none.

The uniformity of black can be very
important to some display tasks, particularly
when large areas of black are used or the
display isused in adark room. V

SETUP: Display ablack full-screen test pattern,
and arrange the luminance meter to measure
the luminance at five (or nine) positions—see
the figure. The points are numbered | eft-to-
right and top-to-bottom (as we would read

English). The edge points (four or eight of

/l\V/ 10

them) are 1/10 the screen height and 1/10 the
screen width from the edge of the image

displaying surface. Positioning uncertainty
need only be +£3 % of screen diagonal, the
normal direction should be maintained. See
Section 301 for any standard setup details.
SPECIFIC: Full screen black test pattern

4 Denote 5-point locations. + Denote 9-point locations.

(1), (2, (3), .., (9)

1,2,3,4,5
e

@ WE-EpdE 10

PROCEDURE: Measure the luminance L; (i=5 or 9) at the five (or
nine) locations subject to above set-up conditions.

ANALYSIS: From the measured set of luminance valuesL; (i=5 or 9)
determine the minimum luminance L;, and the maximum
luminance L. Calculate the average L, Calculate the
nonuniformity according to

Nonuniformity = 100%--mac ~ Lmin _ 100%§81- Luin &
Lmax e max ﬂ

REPORTING: Report the number of samples used. Report Liin, Lmax,
and the nonuniformity to no more than three significant figures.
Report the nonuniformity in percent.

COMMENTS: Measurements of black can be subject to large errors.
Be sure your LMD is adequate for the task. Since aratio of

Analysis and Reporting
(Sample Data)
Nonuniformity = 100% (Lumac- Lumin }/Lma
9 point 5point | Ly, - cd/m?
1 1 1.02

2

3 2 0.910

4

5 3 1.05

6

04 4 2.15

8

9 5 1.53
Ave. 1.33
Lmin 0.910
L max 215

Nonuniformity 58

luminance levels is used in determining the nonuniformity, the LMD does not have to be calibrated in cd/m?,

but it must be linear and photopic.

100 g‘\.
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306-3 SAMPLED UNIFORMITY OF CONTRAST RATIO

DESCRIPTION: We calculate the contrast ratio at each of the five (or nine) points of full-screen sampled white
uniformity (306-1) and full-screen sampled black uniformity (306-2) and report the nonuniformity of contrast
in percent maximum deviation from the maximum contrast. Units: none, it isaratio. Symbol: C .
Contrast uniformity may be important for critical tasks where proper scene or pattern rendering is
important to proper recognition or presentation of information.

SETUP: None. Uniformity measurements of full-screen white and black are made previously.

PROCEDURE: None. Uniformity measurements of full-screen white and black are made previously.

ANALYSIS: Calculate the contrast ratio Cy = L,/ Ly, for each sampled point on the screen. Determine the
maximum and minimum contrast Cya, Crin, @nd calculate the contrast nonuniformity

Nonuniformity = 1009 Smac = Cmin _ 100%%g1.- Comn ¢
Cmax e Cmax 2
REPORTING: Report the contrast ratios to no more
than three significant figures. Report the Analysis and Reporting - Sample Data
nonuniformity as a percent to no more than two Nonuniformity = 100% (1 — Crir/ Crnax)
significant figures. 9point | 5point | L, -cd/m® | L,-cdim® | Cy
1 1 109 1.02 107
2
COMMENTS: Other contrast metrics than asimple 3 2 37.8 0.91 96.5
ratio of white to black luminances may be found 4
to be useful. 5 3 15 1.05 10
6
7 4 75.1 2.15 34.9
8
9 5 97.3 1.53 63.6
Ave. 96.8 1.33 82.4
Min. 75.1 0.91 34.9
Max. 15 2.15 10
Contrast 63
Nonuniformity
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306-4 SAMPLED UNIFORMITY OF COLORS

DESCRIPTION: We measure the luminance
and chromaticity coordinates of any full-

screen color at five (or nine) specified points N

on the screen and report the luminance
nonuniformity and maximum color

difference. Units: in percent for luminance,
none for color difference. Symbols: none.
The uniformity of colors can be
important in realistic rendering of objects on
the screen. The uniformity involves not only V
the luminance but also the color as
measured by chromaticity coordinates. This
procedure permits any color to be used
(white and gray are also colors), but often
thereisinterest in the uniformity of the

primary or secondary colors.

H/2 H/2

H/10 H/10

<— — |«
‘ V10
) V/2

V/2

J
Jll\Vllo

SETUP: Display acolored full-screen test
pattern, and arrange the luminance meter to
measure the luminance at five (or nine)
positions—see the figure. The points are
numbered |eft-to-right and top-to-bottom (as
you would read English). The edge points (four or eight of

<——H ——

4 Denote 5-point locations. -+ Denote 9-point locations.
1,2,3,4,5 1), (2), 3, ..., (9)

them) are 1/10 the screen height and 1/10 the

screen width from the edge of the image displaying surface. Positioning uncertainty need only be £3 % of
screen diagonal, the normal direction should be maintained. See Section 301 for any standard setup details.

SPECIFIC: Full screen color test pattern

Ol e

el [£]

[«

PROCEDURE: Measure the luminance L; (i=5 or 9) and the chromaticity coordinates [either (X, y) or (u”, v')] at
the five (or nine) locations subject to above set-up conditions.

ANALYSIS: From the measured set of luminance valuesL; (i=

5 or 9) determine the minimum luminance L, and

the maximum luminance L, and calculate the average L,.. Calculate the nonuniformity. For the color,
obtain the (u”, v") coordinates either by direct measurement if your LMD will permit, or via calculation from

the (x, y) chromaticity coordinates. Determine the largest
color difference between the pairs of the sampled colors of
white buv’. (We suggest you graph the (u”, v') and
narrow down the largest differences rather than calculate
all pairsof . pu'v)

REPORTING: Report the number of samples used. Report
Lmins, Lmax, @nd the nonuniformity to no more than three
significant figures. Report the nonuniformity in percent.
Report the maximum color difference to no smaller
uncertainty than +0.001. If CCT is optionally measured,
use no more than four significant figures.

COMMENTS: Other color difference metrics such as DE may
be useful for some applications—see A201 for more
information on color spaces.

Analysis and Reporting — Sample Data
9pt | 5pt L X y u v
1 109 |0.250 | 0.650 | 0.097 | 0.568

2 | 87.8 [0.235| 0.690 | 0.087 | 0.574

115 {0.250 | 0.700 | 0:092 | 0.578

4 | 751 |052620.765 | 0.090 | 0.591

|| N0 B[W[IN|PF
w

S | 9737101225 | 0.722 | 0.080 | 0.579

Ave. 968 Max (0.2,
Min. | 7510 [ou'v’ 0.7)
Max. | 0.0

Nonunif. | 35 [0.024 |0.5

102 ET. ( 300 OPTICAL — page 102




306 UNIFORMITY

306-5 SAMPLED UNIFORMITY OF DARK GRAY

DESCRIPTION: We measure the luminance of H/10
full-screen dark gray at five (or nine) specified S k=

< H/2 —Kk— HI2 —>

H/10
— |«

points on the screen and report the percent

maximum deviation from the average value.

(Optionally, the chromaticity coordinates can
also be measured and the maximum color
shift bu"v be determined) Units: in percent.
Symbols: none.

Dark gray screens can sometimes reveal V
more nonuniformities than either white or
black.

SETUP: Display adark gray full-screen test
pattern having a luminance of from 3 % to
5 % of the full-screen white luminance.

Arrange the luminance meter to measure the

9

V/10

luminance at five (or nine) positions—see the
figure. The points are numbered | eft-to-right

and top-to-bottom (as you would read

H

English). The edge points (four or eight of 4 Denote 5-point locations. =+ Denote 9-point locations.

them) are 1/10 the screen height and 1/10 the 1.2,3,4,5

(1), (2, (3), .., (9)

screen width from the edge of the image displaying surface. Positioning uncertainty need only be £3 % of

screen diagonal. See Section 301 for any standard setup details.

SPECIFIC: Full screen dark gray test pattern
R | R ) |

+ A0 @MW Epd = 0

PROCEDURE: Measure the luminance L; (i=5 or 9) at the five (or
nine) locations subject to above set-up conditions. Optionally
measure the chromaticity coordinates.

ANALYSIS: From the measured set of luminance valuesL; (i=5 or 9)
determine the minimum luminance L;, and the maximum
luminance L, and calculate the average L, Calculate the
nonuniformity according to

L. -L_
Nonuniformity = 100% —T&——m

max
& Lmin 6
= 100%31- —1
e max @
Optionally calculate the largest color shift bu’v.

REPORTING: Report the number of samples used. Report Liin, Lmax,
and the nonuniformity to no more than three significant figures.
Report the nonuniformity in percent. Optionally report any color
shift in bu’v to no more than three significant figures.

COMMENTS: Another color difference metric than bu’v may be used

if al interested parties agree.
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Analysis and Reporting
(Sample Data)
Nonuniformity = 100%(Lmac i )L

Center Full Scrn Wht 115
Center Dark-Gray. 4.83
Gray Level (0:7) 1(4.2 )
9 point Spoint | L;-cdm?
1 1 4.02
2
3 2 5.35
4
5 3 4.83
6
7 4 8.72
8
9 5 6.97
Ave. 5.98
Lmin 4.02
L mex 8.72
Nonuniformity 54
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306-6 ANOMALOUS NONUNIFORMITY .>/'¢

DESCRIPTION: Measure the luminance and optionally the
chromaticity coordinates of full-screen white at the dimmest
(darkest) and the brightest areas (spots) (or the areas that
exhibit the largest color shift) and calculate the
nonuniformity. Units: in percent. Symbols: none.

Anomalous nonuniformity is a measure of the worst-
case nonuniformity for the standard measurement area of
the LMD (500 pixels). It is particularly useful when the
sampled uniformity measurement shows little
nonuniformity, but there are obvious areas or spots between
the sampled points that are clearly nonuniform. See the
figure where we show two areas (spots) on afull white
screen that show an obvious nonuniformity that the sampled
uniformity measurements with five or nine sample points
would miss. One spot in the figure is brighter than most of the rest of the white screen, and the other spot is
darker. (Thisis not always necessarily the case. The screen can have either a dark spot or alight spot that
differs from most of the rest of the screen.) This measurement is for those anomalous bad regions that cover an
area of 500 pixels or more—thisis not a measurement of pixel defectsin asmall severa-pixel-size region of
the screen. If there are no obvious regions of nonuniformity, then this measurement may not be useful.
Optionally, for color there can be objectionable color changes not on the sampled uniformity points that need
to be documented.

SETUP: Display awhite full-screen test pattern. Arrange the luminance meter to measure the luminance and
optionally the chromaticity coordinates at the brightest spot and the darkest or dimmest spot (or the two spots
that exhibit the largest color shift)—see the figure. See Section 301 for any standard setup details.

SPECIFIC: Full screen black test pattern

@ W E = (o

PROCEDURE: Measure the luminance of the center of the brightest spot L. and then the center of the darkest
or dimmest spot L Subject to above set-up conditions, or at the two spots that exhibit the largest color
difference. The chromaticity coordinates can also be measured if the luminance uniformity is being
characterized.

. . . . Liax - L L.
ANALYSIS: Caculate the nonuniformity. Nonuniformity = 100%M = 100%?1- ma <,
e

max L max

|- O:

QI

Optionally, calculate the color difference bud ¢= \/(uf- ug)2 + (Vg+ vg)2 .

REPORTING: Report Lyn, Lma, @nd the nonuniformity to no more than three significant figures. Report the
nonuniformity in percent. Optionally, report the chromaticity coordinates and the bu"v” color difference
metric. Report the maximum color difference to no smaller uncertainty than +0.001.1t may or may not be
useful to report the location of the measured spots.

COMMENTS: See 301-3d Mura Assessment and
301-3g Video and Image Artifacts Assessment - -
for related descriptions of nonuniformity. Lw Xw Yw Uw Vow

An. Low 125 0.250 0.650 0.097 0.568

An. High 55.3 0:225 0.722 0.080 0.579
An. Non. 56 Anomalous bu’v’ 0.020

Analysis and Reporting — Sample Data
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|307 VIEWING ANGLE PERFORMANCE I

The viewing angle characteristics of the display are measured by
making center measurements of full screen (as described in Section 302) at off-
normal viewing angles. The different methods for the viewing angle
measurements specified in this section (307-1, -2, -3, -4, -5) are similar except
for the number of viewing angles measured. The following viewing angle
measurements are specified (an * denotes the measurement is part of the SBM):

*307-1 FOUR-POINT (H& V) VIEWING ANGLE - This simple viewing
angle measurement verifies manufacturer’s claims at four horizontal and
vertical (H& V) viewing angles about the screen, two horizontal, right, and
left, and two vertical, up, down.

307-2 THRESHOLD H&V VIEWING ANGLES - Thisis a procedure to measure the four horizontal and
vertical (H&V) viewing angles that meet an arbitrarily-defined threshold level of full-screen white luminance,
full screen black luminance, contrast ratio, or color variation. H& V angles are determined for viewing
directions where luminance varies by 50 % of the perpendicular value, or any other agreed-upon threshold
value. Viewing angles are determined for contrast ratio (C+ =L, /L), where C, = 10, 20, 50, or any other
agreed-upon threshold value of contrast ratio such as 50 % of the perpendicular value. H&V angles are
determined for viewing directions where color varies by DC = 5 relative to the perpendicular value, or any
other agreed-upon threshold value of color shift.

307-3 GRAY-SCALE INVERSION H & V VIEWING ANGLES - This measurement determines the H&V
viewing directions at which contrast between any two adjacent gray levels diminishes to a value of one—the
gray-scale inversion angles, by measuring the full-screen contrast ratio at the center of the screen for each of 8
gray levels (optionally 16) over arange of vertical and horizontal viewing angles, and computing the contrast
ratio between two adjacent gray-level pairs. NOTE: This measurement may not be useful for all displays that
experience changes in the gray scale with viewing angle changes. Sometimes the levels don’t quite cross, but
itishard to tell for certain. Sometimes the crossing is at such a small angle that it is very difficult to precisely
determine the location of the crossover. In such cases the applicability of this measurement must be
negotiated with all interested parties.

307-4 VIEWING CONE THRESHOLDS - Similar to Section 307-2 for H&V viewing angles, thisis a complex
measurement of the full angular variation of the light for most of the 2p-solid-angle hemisphere to determine
those viewing angles that meet an arbitrarily-defined threshold level of change in full-screen luminance,
contrast ratio, and color variation. Measurements are made at 300 to 400 different viewing angles to
characterize the viewing cone in a 360° polar plot of data measured at five degree intervals of inclination
angle relative to the normal direction and 10° intervals of azimuth (rotation) angle.

307-5 GRAY-SCALE INVERSION VIEWING CONE - Similar to Section 307-3 for H&V viewing angles, this
complex measurement determines the viewing directions at which contrast between any two adjacent gray
levels diminishes to a value of one—the gray-scale inversion angles, by measuring the full-screen contrast
ratio at the center of the screen for each of 8 gray levels (optionally 16) over most of the 2p solid angle
hemisphere.

REMARK: The gray-scale inversion metrics described in 307-3 and 307-5 can aso be extended to color inversions
as functions of gray level and angle, as described at the end of Section 307-5.
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S¥% [307-1 FOUR-POINT VIEWING ANGLE S
SBM

DESCRIPTION: We measure any optical quantity at the
center of the screen at four viewing angles relative to the
perpendicular direction (two vertical angles, up and
down; and two horizontal angles, right and left)
specified by the display manufacturer. The resulting
optical quantities are then compared with the
manufacturer’s specifications.

For example, manufacturers often describe the full-
screen contrast ratios attainable at four angles about the
screen. Thisis a procedure to confirm these claims.
Instead of contrast ratios, the white luminance, black
luminance, chromaticity coordinates, color difference
metrics compared to a perpendicular measurement of the
center screen, color temperature, etc., can all be
evaluated at these four points and compared with
corresponding manufacturing data.

SETUP: Arrange the LMD to measure the desired optical quantity at screen center from the normal direction. Use
a goniometric positioning device such as a rotating platter or discrete angle gauge blocks to assure an accurate
angular alignment (+1°) between the LMD and the screen normal for the four off-normal viewing directions:
upward qy = qu, downward qy = - gp , Sideways to the right g4 = gr, and sidewaysto the left g4 = -q. . See
Section 301 for any standard setup details.

SPECIFIC: Full screen patterns appropriate to the optical quantities to be measured.

Y OWREHE »

PROCEDURE: Make measurements of the desired optical quantities at center screen with the LMD positioned at
each of the four off-normal viewing angles.

ANALYSIS: For
each of the four Analysis and Reporting — Viewing Angle Sample Data

viewing L White Black

directions Direction | Andle | TS =TV "TccT | L | %] Yo | Ca
perform any Up: qu 15° | 85.6 | 0.298 | 0.322 | 7478 | 1.59 | 0.271-].0.292 | 52.9
required Down:gp | 10° | 11 | 0.322 | 0.348 | 5967 | 3.791\0.269-10.285 | 29.2

calculations (as Right: gz | 30° |39.4 | 0.323 | 0.346 | 5903 | 0:5537} 0.268 | 0.290 | 71.2

with contrast, Left: g 30° |39.9 | 0.323 | 0.345 | 5920[\0:609.} 0.270 | 0.297 | 65.4

color metrics, Red Green Blue

etc.). (See 302, Direction | Angle

Center Lred Xred Yred Lgm Xgrn ygrn LbI u Xplu Yblu

M easurements of Up: qu 15° 25.9 | 0.521 | 0.350 | 502 | 0.296 | 0.521 16.1 0.157 | 0.140

Full Screen, for Down: gp | 10° | 35.4 | 0.520 | 0.349 | 63.5 | 0.305 | 0.518 | 20.3 | 0.166 | 0.165

any details) Right: gz | 30° | 121 | 0.550 | 0.354 | 22.5 | 0.307 | 0.541 | 6.23 | 0.158 | 0.150
REPORTING: Left: q 30° | 12.3 | 0.548 | 0.353 | 22.7 | 0.306 | 0.540 | 6.34 | 0.158 | 0.150

Report the optical quantities measured and/or calculated. In the example we show a variety of measurements:
luminance and chromaticity coordinates of full-screen white and black, color temperature, chromaticity
coordinates and luminances of primary colors, and contrast.

COMMENTS: This measurement is a verification of the manufacturer’s specifications for the optical properties
attainable at specified H&V viewing angles. The manufacturer must specify the angles and the value of the
optical property to be measured at those angles.
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307-2 THRESHOLD-BASED H&V VIEWING ANGLES

DESCRIPTION: Measure the viewing angles up, down, left, and right that meet arbitrarily-defined threshold
levels of full-screen luminance, contrast ratio, and/or color variation.

Horizontal and vertical (H& V) angles are determined for viewing directions where luminance varies by
50 % of the perpendicular value, or any other agreed-upon threshold value. Viewing angles are determined
for athreshold contrast (Cr = L, /L) condition of 10:1 (optionally other threshold contrasts) using black-and-
white full-screen center luminance measurements. Other contrasts may be specified to be the viewing angle
where center full-screen contrast Cr = L, /Ly, degrades by 50 % from its perpendicular (not necessarily the
maximum) value. Similarly, the viewing angles associated with a change of black toward white by a small
fraction of the white level, e.g., 5 % of L,,, could also be specified. H& V angles are determined for viewing
directions where color varies by DE = 5 relative to the perpendicular value, or any other agreed-upon value of
color shift. The viewing angle for the threshold condition is obtained from linear interpolation of contrast data
as afunction of angles with the angular increment no greater than 5° in each of the four directions, up, down,
left, and right, relative to the screen perpendicular. Units: none, aratio. Symbol: Cr for viewing angle
contrast threshold.

SETUP: Arrange the luminance meter to measure the luminance at screen center from the perpendicular direction.
Use a goniometric positioning device such as arotating platter or discrete angle gauge blocks to assure
accurate angular alignments (+1°) between the luminance meter and the screen perpendicular. Incrementally
increase the angles from the perpendicular with a maximum increment of 5° in off-normal viewing directions:
upward qy , downward qp, right gg, and left ¢, . Optionally, a colorimeter is required for obtaining CIE
chromaticity coordinates or correlated color temperature (CCT) of white. See Section 301 for any standard
setup details.

7 T EOW KB

SPECIFIC: Full screen white and black patterns alternated (optionally primary colors).

PROCEDURE: Make luminance measurements of full white and of full black at center screen with the luminance
meter positioned at each of the off-normal H&V viewing angles. Optionally measure and record the CIE
chromaticity coordinates of white, black, the full-screen 300 T
primary colors, and/or the CCT of white.

250 +
ANALYSIS: For each white and black screen luminance
measurement, compute the contrast ratio of white to black. 200 T
Calculate the color difference valuesin bu’v” or DE units
for each of the CIE x,y chromaticity coordinates measured
on afull white screen using the perpendicular viewing
direction as reference. Use linear interpolation to compute 100 -+
the four angular viewing directions upward qy, downward
gp, right gr, and left g that correspond to threshold levels
of: (1) luminance, such as 50 % from its perpendicular
value, (2) contrast ratio, such as C, = 10 (or other values 0 QLqR
such as 20, 50, or aSpre\/iOUgy @r%d Upon), and (3) color 50 -40 -30 -20 -10 O~ 10~20 30 40 50
difference such asbu’v’ = 0.01 or DE = 5.

f

150 +
c R

Contrast

50% Level

50 +

Horizontal Viewing/Angle,q,, (°)

REPORTING: Report the viewing angles up, down, left, and
right, for each threshold luminance, contrast ratio, and color ~ Fig. 1. Example of full-screen contrast ratio
difference to no more than three significant figures. along the horizontal viewing angle.
Optionally, present plots of the computed contrast ratios,
measured |uminance values, chromaticity coordinates (or CCT) of white, and computed values of bu’v” or DE
units along H& V axes.
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COMMENTS: This measurement may be used to verify

manufacturer’ s specifications for the contrasts attainable at Reporting — Sample Data
specified H& V viewing angles. The 50 % contrast degradation Threshold Contrast Vieing Angles
level is similar to the 3dB falloff used as a measuring point in G =100 Gr =50
electronics. The extreme maximum contrast of adisplay may not | Direction Angle Angle
necessarily be determined by this measurement since the viewing uUp: qu 1.2° 15.0°
directions are limited to those tilted vertically along the y-axis Down: gp 3.81° 7.12°
and tilted horizontally along the x-axis of the display. A more Right: gr 23.5° 27.2°
complete assessment of the display dependencies on viewing Left: q 32.1° 33.2°

direction is obtained through measurement of the full viewing
angle cone presented in Section 307-4. Measurement of color

difference of low-luminance black screensis not recommended due to limitations in sensitivity of most color
meters (filter colorimeters, spectrometers, and spectroradiometers) Long integration times required to
accurately measure color of many low luminance points along the viewing cone is considered impractical.

This display looks
terrible! And you
advertise a viewing

reveresed.
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307-3 GRAY-SCALE INVERSION

DESCRIPTION: Thisis a procedure to determine the gray-level inversion angles, which are the viewing
directions for which the contrast ratio between any two adjacent gray levels diminishes to a value of one (the
gray levels become indistinguishable).

This is done by measuring the full-screen contrast ratio at the center of the screen between pairs of each
of 8 gray levels (optionally 16) over arange of horizontal and vertical (H& V) viewing angles. (Other angles
than horizontal or vertical can be used provided all interested parties agree and they are clearly documented in
any report. We limit our description to the horizontal and vertical since these are the most common directions
used.) Viewing angles up, down, left, and right that meet the 1:1 threshold level of full-screen contrast
(Cr =Li/Lj4y, i = level) are determined from center-screen luminance measurements. The reported angle for
the threshold condition is obtained by linear interpolation of contrast data measured as a function of H&V
angles with the angular increment no greater than 5° in each of the four directions relative to the screen
perpendicular. Units: none, aratio. Symbol: Cr for consecutive gray-scale luminance ratio threshold.

NOTE: This measurement may not be useful for all displays that experience changesin the gray scale
with viewing angle changes. Sometimes the levels don't quite cross, but it is hard to tell for certain.
Sometimes the crossing is at such a small angle that it is very difficult to precisely determine the location of
the crossover. Sensitivity to small signal changes can also be dramatic. In such cases the applicability of this
measurement must be negotiated with all interested parties.

SETUP: Arrange the luminance meter to measure the luminance of each of eight (optionally 16) full-screen gray
test patterns from black to white at screen center using a goniometric positioning device such as a rotating
platter or discrete angle gauge blocks to assure an accurate angular alignment (+1°) between the luminance
meter and the screen perpendicular in vertical and horizontal viewing directions. It is helpful to establish
initial approximations to the needed angles by visually inspecting a small target containing all the gray levels
displayed near the center of the screen. (This can save taking alarge amount of data, see Procedure). See
Section 301 for any standard setup details.

SPECIFIC: Full screen gray levels. See Section 303-5 or the glossary for details if it is not clear how to establish
gray levels.

FTEORMNE M=

PROCEDURE: To obtain an approximate location of such gray-scale inversion points, it may be helpful to place a
small target at center screen composed of all the gray levelsin a pie shape or overlapping rectangles. The eye
is very sensitive to edges and will quickly spot the angular locations of any gray-scale inversion. For each
gray-scale pair establish the approximate angles for each main direction, up, down, left, and right; and record
the number or value of the levels that become equal in luminance. If you use the gray-scale target to establish
approximate inversion angles, you will be able to limit the data collected to luminance levels at those angles
and at £5° on each side of those angles.

If you don’t use the gray-scale target to establish approximations to the inversion angles, then the
following laborious procedure will be required: Make luminance measurements of each full screen gray scale
test pattern from white to full black at center screen with the luminance meter positioned at each of the off-
normal vertical and horizontal viewing angles. Incrementally increase the angles from the perpendicular with
amaximum increment of 5° in off-normal viewing directions (upward qy , downward qp, right gr, and left q,)
to determine the angles of view at which the luminance of the higher gray level, n+1, equals (and is therefore
indistinguishable from) that of the lower gray level, n. See Section 301 for any standard setup details.
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ANALYSIS: Use linear interpolation to compute the inversion angle viewing directions from the angle
measurements on each side of the inversion angle corresponding to L, = L., for each adjacent gray level pair.
Note that it would be prudent to position the LMD at these calculated angles and check the luminance of the
gray levelsin the event that alinear 1000
interpolation is not adequate to determine the
inversion angle—a small correction of the
angle' s value may be needed.

[}
o
g 100 -
REPORTING: Report the smallest (worst case) £
angles for which an inversion occurs between %
any adjacent gray-level pair for each 76' )
direction, up, down, left, and right to no more 2 10
than three significant figures. Optionally, - g
report al the viewing angles for each adjacent
gray-level pair.
. _ 1
COI\S M EN_TS:_ Thl? r?]eas_urer_nent |s|a - 60 40 -20 0 20 40 60
etermlnat!on 0 .t e viewing ang esat whic Horizontal Viewing Angle,qy(°)
gray scale inversion occurs. The minimum
angular range of gray scale inversion of a Fig. 1. Luminancein cd/m? vs. horizontal viewing angle
display may not necessarily be determined by with gray-scale inversion angles clearly defined.
1000
16 -
147 L Level-7_ L Level-6
(] i
% 100 L. g 12
E & 10
(]
3 5 8-
2 8 ]
310+ 5 6
E 4
3
2 -
1 0 1
60 -40 20 0O 20 40 60 -50 0
Vertical Viewing Angle, q,, (°) Vertical Viewing Angle, a4 (°)
Fig. 2. Luminance vs. vertical viewing angle with Fig. 3. Difference in luminance between level 7
gray-scale inversion not clearly defined. and level 6 showing that they don’t cross over and

. . S N thereis no gray-scale inversion (but it is close).
this measurement since the viewing directions are

limited to those tilted vertically along the y-axis and Analysis and Reporting

tilted horizontally along the x-axis of the display. A Grayscale Inversion Viewing Angles
more complete assessment of the display gray scale N Cr=1 Gray Level Pair (0-7)
dependencies on viewing direction is obtained through Direction Angle Lns 1 L,
measurement of the gray-scale angular dependence over Up: qu 8.7° level1 level 0
the full viewing angle cone presented in Section 307-5. Down: go | min. at 25° level 1 level 0
See the note in the Comments of Section 307-5 for Right: gr 7.2 level 1 level 0
possible ways to extend to color inversion. Left: g 22.3° level 7 level 6
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307-4 VIEWING-CONE THRESHOLDS

DESCRIPTION: Full screen luminance and chromaticity measurements are made at the center of the screen to
create 360° polar plots identifying the location (locus of points on atwo-dimensional curve) of threshold
values for any optical quantity of interest—the luminance, chromaticity, a color metric, or contrast.

The data are measured at five degree intervals of inclination angle relative to the normal direction and 10
degreesintervals of azimuth (i rotation) angles to determine the viewing angles from the perpendicular where
acriterion or threshold is met. For example, (1) the center full-screen luminance changes to an arbitrarily
defined size such as 50 % (or other threshold) of its perpendicular value, (2) the full screen contrast ratio
meets a threshold contrast (Cr = L,/L;,) condition of 10:1 (optionally other contrast ratios) and, (3) the color
changes noticeably such as bu’v” = 0.1 compared to the perpendicular. Use linear interpolation to determine
the viewing angles from those measured. Units: none, aratio. Symbol: Cs.

SETUP: Arrange the luminance meter to measure the luminance and chrominance (such as CIE X, y coordinates)
at screen center from the normal direction. Use a goniometric positioning device such as arotating platter or
motorized positioning system to assure an accurate angular alignment (+1°) between the luminance meter and
the screen normal for incremental increases in off-normal viewing directions, 5 degree maximum increment
size for inclination, 10 degree maximum increment for azimuth.

SPECIFIC: Full screen white and black patterns alternated (optionally primary colors)

L7F T ) 3]

Ealf3

PROCEDURE: Make the required goniometric measurements of luminance and chromaticity coordinates of the
required full-screen patterns with the luminance or color meter positioned at each of the off-normal viewing

angles.

DATA EXAMPLES: LEFT—Example of constant luminance threshold set to 50 % degradation relative to
perpendicular RIGHT—Example of off-normal angles for specified contrast ratio of full screen white and

black for sampled azimuth angles

110 100-50 + 80 70
120 60

0

o

230 + 310

240 300
250560+ L 19gp290

270

Fig. 1. Threshold angles for a 50% decrease in
luminance from the full-screen-white-center-
perpendicular value.
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190 W‘\\?\\w\# 350

10050 + 80 44

60
40 + 50
40
30
0
10

0
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G

250 260 280 290

270

—

Fig. 2. Threshold angles for contrast
degradation to 50:1 and 20:1 fromthe full-
screen-white-center-perpendicular value.
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ANALYSIS: Provide the required analysis for
the data desired. For example, for each white
and black screen luminance measurements,
compute the contrast ratio of white to black;
or calculate the chroma difference valuesin
Du’'v’, or DE unitsfor each of the CIE X, y
chromaticity coordinates measured on afull
white screen using the perpendicular viewing
direction as reference. Use linear
interpolation to compute the angular viewing
directions that correspond to criterion or
threshold levels. For example, (1) luminance,
such as 50 % from its perpendicular value,
(2) contrast ratio, such as Cr = 10 (or other
values such as 20, 50, or as previously agreed
upon), and (3) color difference such as
DE =5.

REPORTING: Present the interpolated viewing
angles at each criterion or threshold valuesin

the form of a polar plot, such as luminance,
contrast ratio, and color difference. If data
are presented in tabular form, show no more
than three significant figures. If asingle
value for viewing angle is reported, report the minimum (worst case) inclination angle.

270

Fig. 3. Angles for a color change of DE , = 5 from the
full-screen white center perpendicular value.

COMMENTS: This measurement is a determination of the viewing angles at which arbitrary levels of an optical
guantity are determine, e.g., luminance, contrast, and color difference. Since the viewing directions are not
limited to those tilted vertically along the y-axis and tilted horizontally along the x-axis of the display, but are
obtained through measurement of the full viewing angle cone, the resulting polar representation of the datais
considered to be a substantially complete assessment of the display’ s dependencies on viewing direction.
Measurement of color difference of low-luminance black screens is not recommended due to limitations in
sensitivity of most color meters (filter colorimeters, spectrometers, and spectroradiometers). Long integration
times required to accurately measure color of many low luminance points along the viewing cone is considered
impractical.

The 360° polar plots (some call them radar plots) portray the hemisphere in front of the display in atwo-
dimensional graph. The distance from the center of the graph is the polar angle in spherical coordinates q and
the angle in the clockwise direction is the rotation angle f from the x-axis in spherical coordinates. In order to
properly convert goniometric or viewing angle coordinates to spherical coordinates, see Section 300 for the
coordinate transformations.
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307-5 GRAY-SCALE INVERSION VIEWING CONE

DESCRIPTION: Full screen contrast ratio measurements are made at the center of the screen for each of 8
gray levels (optionally 16) from many viewing angles to determine at which viewing directions the contrast
ratios between adjacent gray levels diminish to one.

SETUP: Arrange the luminance meter to measure the luminance of each of eight (optionally 16) full screen gray
test patterns from black to white at screen center. There are several ways to abtain the data within the
hemisphere in front of the display: (1) Data are measured at five degree intervals of the vertical angle and 10
degreeintervals of horizontal angles. (2) Data are measured using spherical coordinates with bg; = 5° and
Df; = 360°/mfor 12 £ m £ 36. (3) Data are measured in one shot using a hemispherical LMD. These data are
presented in a 360 degree (radar) plot. For cases (1) and (2) use a goniometric positioning device such as a
rotating platter or motorized positioning system to assure an accurate angular alignment (£1°) between the
luminance meter and the screen normal. Optionally, a colorimeter is required for obtaining CIE chromaticity
coordinates or correlated color temperature (CCT). See Section 301 for any standard setup details.

SPECIFIC: Full screen white, gray levels, and black patterns.

7O W EHE

PROCEDURE: Make luminance measurements of each full screen gray scale test patterns from white to full black
at center screen with the luminance meter positioned at each of the off-normal viewing angles. Incrementally
increase, 5° maximum increment size, the off-normal viewing directions to determine the angles of view at
which the luminance of the higher gray level, n+1, equals (and is therefore indistinguishable from) that of the
lower gray level, n. These data are presented in a 360 degree iso-contrast plot. There are several waysto obtain
the data within the hemisphere in front of the display: (1) Data are measured at five degree intervals of the
vertical angle and 10 degree intervals of horizontal angles. (2) Data are measured using spherical coordinates
with Dg; = 5° and Df; = 360°/mfor 36 £ m£ 12. (3) Data are measured in one shot using a hemispherical LMD.

ANALYSIS: Use linear interpolation to compute the angular viewing directions from measurements that
correspond to Cr = 1 for each adjacent gray level pair.

REPORTING: Report the viewing angles at which gray scale inversion occurs for each adjacent gray level pair to
no more than three significant figures. Also present the viewing angles in the form of a polar plot for adjacent
gray-level pairs. Present the datain tabular form to no more than three significant figures.

COMMENTS: This measurement is a determination of the viewing angles at which gray scale inversion occurs.
Since the viewing directions are not limited to those
tilted vertically along the y-axis and tilted 110 100 50
horizontally along the x-axis of the display, but are

0
g0 70 o

obtained through measurement of the full viewing T 50
angle cone, the resulting isocontrast representation | 40
of the datais considered to be a substantially 30
complete assessment of the display gray scale 160 1 2
dependencies on viewing direction.

The 360° polar plots (some call them radar 170 \ s ’ / 10
plots) portray the hemisphere in front of the display N é[ 0

180

9

in atwo-dimensional graph. The distance from the ///}\\K'\"
center of the graph is the polar angle in spherical 190 T 2 350
coordinates g and the angle in the clockwise 200 | SN 340
direction isthe rotation angle f from the x-axisin ~

. . 210 330
spherical coordinates. In order to properly convert 1 \
goniometric or viewing angle coordinates to 220 320
spherical coordinates, see Section 300 for the 20 o \ o
coordinate transformations 250 00t | XZSO 290

270
NOTE: Asremarked at the end of the introductionto this  Fig. 1. Off-normal angles for grayscale inversion
section (307), hereis how the gray-scale inversion metrics  of a full-screen adjacent gray level pair.
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described here and in 307-3 can be extended to color inversions as functions of gray level and angle:

(1) For agiven gray level in all three (red, green, blue) channels, define three adjacent colors as reddish (neutral +
1 level red), greenish (neutral + 1 level green), and bluish (neutral + 1 level blue).

(2) Measure CIE (x, y) values for these three colors at any required viewing angle.

(3) Record whether the ordering of these colorsin (x, y) space is clockwise or counterclockwise, proceeding from
reddish (r) to greenish (g) to bluish (b). To do this, compute the quantity

P = sgn(xgyb - Xbyg * Xbyr - Xryb + Xry¥g - Xgyr),

where the function sgn evaluates to 1 when its argument is positive, to -1 when its argument is negative, and to 0
when its argument is zero. The ordering from r to g to b is counterclockwise in (X, y) space when P is positive,
clockwise when P is negative, and collinear when P is zero.

(4) Asafunction of viewing angle, a color reversal is defined when the computed P changes its value.

You might be a Rustic if you use a beer cooler
as an integrating sphere.

RUSTIC METROLOGY
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|308 REFLECTION I

In this document when we speak of diffuse
reflectance we will generally mean a Lambertian reflector;
when we speak of specular reflectance we will generally
mean amirror like reflection that produces a distinct virtua
image of the source. Reflection characterization is often
thought to be straightforwardly based on these simple diffuse
and specular models. Such an impression is naive, at best.
Diffuseistreated simply as a proportionality between the
luminance L and the illuminance E by the luminance factor

rg-

L=_dE=gE, (1)
p
where the luminance coefficient is defined as g r4/p (this model isreally only for a Lambertian reflector). The

specular reflection is characterized by the specular reflectance r s where the luminance L is related to the source
luminance Lsvia

L=rgLs. %)

If the non-specular component of reflection were so trivial it would be a simple matter to measure such coefficients
and these simple models would permit the straightforward calculation of the reflected luminance of the screen in
any lighting environment. However, in reality, a diffuse (Lambertian) and specular (mirror-like) model is often an
inadequate description because there is a third component of the reflection which we will call haze. Haze is that
fuzzy ball of light around the specular image or that smeared-out fuzzy luminance seen in the specular direction in
which there can be no distinct specular image. The proper treatment of haze, and reflection in general, requires the
use of the concept and measurement of the bidirectional reflectance distribution function (BRDF). See the section
Reflection Models (A217) for more details. Only then is the reflection properly characterized, and only then can a
reflection model be developed which will provide the correct calculated reflected luminance from the screen in any
lighting environment. Much of the trouble in the past with attempting to characterize reflection for displays has
arisen from afailure to recognize and properly treat the haze component.

There can be display surfaces that measure the same specular and diffuse reflectance (using simple
measurement techniques) that look entirely different to the eye—all because of the haze component. Some displays
have all three components. Many FPDs being produced have essentially only a nontrivial haze component—you
can’'t see an image of the source, but there is a fuzzy patch of light in the specular direction of the source. A piece
of copy paper isadisplay that essentialy only has a diffuse (Lambertian) component. Many televisions have a
specular component (with distinct virtual image) and a diffuse component with the haze component almost
nonexistent.

Many screen treatments today offer an etching of the glass or some treatment of the screen cover material
that reduces the specular component by the introduction of haze. That is, they spread the energy from the strictly
specular virtual-image-producing direction into other directions, mostly near the specular direction. The diffuse
component is proportional to the illuminance, the specular component is proportional to the luminance of the
source, but the haze component is proportional to the illuminance and peaked in the specular direction. The
complications arising from haze renders the simple measurement methods somewhat ineffective and definitely
irreproducible. One way to deal with haze simply, without resorting to BRDF measurements, is to place the DUT
inside an integrating sphere. Few have the money or room for the large integrating sphere that would be required.
So, in order to accommodate some kind of reproducible reflection measurement we have provided two
measurements that employ a hemispherical surround (or equivalent) that can be placed over the screen. These
hemispherical surrounds can be constructed in many different ways yet yield fairly reproducible results. See 308-1
Total Reflection with Diffuse Illumination and 308-2 Ambient Contrast Ratio for examples of the measurements
using an integrating sphere (or equivalent). We have also included some of the more common measurement
method for reflection characterization as found in 1SO 9241-7, with cautions for FPD applications. [3]
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For many types of FPD technologies the front surface of the display can be placed very close to the pixel
surface. This offers an advantage over thick or separated covering surfaces in that the specular component of
reflection can be eliminated entirely by using a diffusing front surface. Such a diffusing surface cannot be used
when it is displaced too far from the pixel surface. Adding a multi-layer antireflection coating to such a diffusing
surface can create a screen that is very dark in appearance even in bright lighting. Such screens have essentially
only a haze component of reflection.

[llumination Sour ces: When measuring reflected luminance using different types of ambient light, there
are three characteristics of the lighting that need consideration: the temporal modulation (as when driven by an ac
source), the spectral composition of the illumination, and the unifor mity of the illuminating surface of the source.
If the light employed exhibits ac modulation, the luminance may be found to be unstable depending upon the depth
of the modulation and the integration time of the LMD. The integration time can be extended with the careful use
of neutral density filters, see A102 Spatial Invariance and Integration Times in the Metrology Section for details.
The spectral content can be a problem since multilayer antireflection coatings are used—you won't get the same
reflectance using a fluorescent lamp as you would a tungsten-halogen lamp. Many of these multilayer antireflection
coatings have a color to them, often magenta, because they are deliberately adjusted to reduce the green
components of reflection to which the eye is most sensitive. One of the most reliable illuminants used to date is the
tungsten halogen source used with dc power at a CCT of 2856 K (CIE standard illuminant A). Such a source is
recommended for reflection measurements in general, but especialy when color isinvolved. Any other type of
lighting should be noted and reported clearly on any data sheet. The uniformity of the surface can be important
especially when the haze component of reflection is complicating the situation.

Note: These measurements are not intended to deal with special or strange reflection properties such as
narrow-band reflection surfaces, retroreflection, or strongly colored reflection. Special reflection properties such as
these can be addressed using the ASTM Standards on Color and Appearance. [13]

308-1 REFLECTANCE WITH DIFFUSE ILLUMINATION
308-2 AMBIENT CONTRAST RATIO

308-3 LARGE-SOURCE DIFFUSE REFLECTANCE

308-4 LARGE-SOURCE SPECULAR REFLECTANCE
308-5 SMALL-SOURCE SPECULAR REFLECTANCE

See A217 REFLECTION MODEL S for more information.
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308-1 REFLECTANCE WITH DIFFUSE ILLUMINATION

(directed hemispherical reflectance)

DESCRIPTION: With the DUT off (assumed to be its darkest state), the
reflectance (directed hemispherical reflectance [DHR]) arising from
uniform diffuse illumination is measured and expressed as a fraction of
the reflectance from a perfect white diffuse reflector. Units: none.
Symbol: r .

NOTE: If the powered-off state of the DUT is not the darkest
condition of the DUT screen and the darkest screen is only obtainable \
with the DUT being powered, then this measurement is not appropriate. S ANGARD
Perform the Ambient Contrast (308-2) measurement instead.

SETUP: A diffuse-ambient light is provided to illuminate the screen from all
directions as uniformly asis practical. The LMD is arranged to view the
center of the surface of the display through a hole in the surround from
an angle of 8° (-0°+2°) from the normal (or rotate the display in an
integrating sphere). The LMD isfocused on the display surface.

We show 8° here as probably the safest angle to use so that the
measurement hole won't affect the reflection yet the measurement is
made as close to the normal of the screen as possible. See the DT S
Comments for more discussion. | | | |

Surround: Ideally, an integrating sphere is best. g° g°
However, it may be possible to use a surround that is less than ~
perfect. The success of using surrounds other than an
integrating sphere depends upon how uniform the
illumination is from all directionsin front of the display. A D D
white hemisphere that is evenly illuminated is preferred if an
adequate integrating sphere is not available. If that is not possible, a box can be constructed and painted with
the whitest matte paint available. A number of configurations can be used (even a hemisphere or integrating-
sphere device smaller than the screen height or width), but it is most important that the surround have a
relatively uniform luminance distribution over the part of the surround that is in the vicinity (£30°) of the
perpendicular of the display surface—see the Metrology Appendix, Auxiliary Laboratory Equipment (A113).
The hole diameter should be larger than the diameter of the lens of the LMD—the entrance pupil of the
LMD—from 20 % to 30 % larger. However, care must be exercised to avoid any direct light from the sources
or any bright reflections off any surface (other than the screen itself) from hitting the lens of the LMD in order
to minimize veiling glare contamination of the reflected luminance measurement. Since the hole is larger than
the lens, the LMD should be moved back from the hole so that only a fraction of the screen is visible to the
LMD. Thiswill assure that there is no veiling-glare corruption in the measurement. Watch out for reflections
off the inside diameter of the hole also contributing to glare corruption. The hole may have to be beveled away
from the lens. In the future there may be LMDs available that provide the capability to make these
measurements without the necessity of a surround by using a small Diffuse Reflectance Standard e ¢
integrating sphere to sample the surface. Such devices are under study ~ Positioned Away from Center 7[

at the time of thiswriting. \’/)

White Standard: A diffuse white reflectance standard of known
luminance factor r 44 is required if the illuminance on the screen cannot
be measured directly with an illuminance meter. If you want to make
two measurements one with and one without the reflectance standard,
then the white standard would be positioned at the center of the screen §=
for the measurement of the standard. However, if you want to make
both the measurement of the reflection of the screen and the diffuse
standard at roughly the same time, then the white standard should be
placed as close as possible to the center of the screen without affecting
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the measured screen reflection (a minimum distance of 8 to 12 times the thickness of the white standard is
reasonable—the thickness in the direction of the screen normal). The white standard, if used, should be placed
near the display surface during the measurements with the surround in place. Be careful not to touch the
display surface if it is delicate.

Lamps: If an integrating sphere cannot be used, the lamps should be behind the plane of the surface of the
display near the display, but not too near so that they heat up the display. They should be moved to provide the
most uniform illumination of the surround especially in front of the display. When adjusting their placement,
keep in mind that your clothing may contribute to some of the light. We suggest that the illuminance on the
screen be at |east 200 Ix.

SPECIFIC: Alternate full-screen white and black. See Section 301 for any standard setup details.

X ﬁ%@ % N m Analysis and Reporting
P e N : (Sample Data)
Measure L (cd/m?) 32
PROCEDURE: Measure the luminance L of the center of the screen withthe | Measure Lgq (cdlm?) 17
DUT off (unpowered or darkest black). Then place a white diffuse r s (KNOWDQ) 0.97
standard of known reflectancer g at the position of screen center and DHR)\Fi4 0.27
measure its luminance Lgq . Be careful not to touch the surface of the ry =rad )l lLgg )

screen unless the screen is made for rough handling.

ANALYSIS: Calculate the total reflectance with diffuse illumination (DHR): ry = r g L/Lgg

REPORTING: Report the total reflectance with diffuse illumination (DHR) to no more than three significant
figures.

COMMENTS: Tungsten and fluorescent ac-powered lamps may exhibit an ac fluctuation which can increase the
imprecision of the measurements. See the Metrology Section on Auxiliary Laboratory Equipment (A113) for
more details on making or obtaining a white diffuse standard.

Clearly, thisis not a correct model for reflection. We are treating the display asif it were a diffuse
Lambertian reflector, for we are comparing it to a diffuse Lambertian reflectance. There are many surface
treatments, and many displays that are not diffuse (Lambertian), but have a specular and a haze component of
reflection. Having addressed all the objections, the reflectance from diffuse illumination is a convenient single
parameter that characterizes the reflectivity of adisplay, and isfairly reproducible with awide variety of
apparatus.

The use of the 8° (-0,+2°) angle can be important depending upon the reflectance properties of the display
and the uniformity of the illuminating surface. Ideally, we would want to be infinitesimally small and located
along the perpendicular of the center of the screen in order to make this measurement perfectly. Since our LMD
has a finite size, we cannot measure along the perpendicular because the reflection of the LMD would interfere
with the reflection (unless the screen were truly Lambertian). The problem with this measurement arises
because of the haze term. If the display reflection were characterized by only Lambertian and (distinct-image)
specular reflections (no haze), then simpler measurements could be used to characterize reflections. So, what
angle do we want? We want to use an angle that is as close to the perpendicular as possible but that won't
interfere with the measurement of the reflection. If we go too far, like 20° or more, then a good portion of the
light hitting the display relative to our 20° viewpoint comes from angles greater than 90°, and that is not
representative of someone sitting in front of the display. Because of the haze, an error can be introduced in the
measurement. Conversely, if we use less than 8° to 10°, then we might find that the hole through which we
measure is starting to affect the measurement, again, because of the haze reflection. In many cases 5° would
probably work just as well—8° is safe.

The error in this measurement comes primarily from the error in the measured luminance of the screen L.
Not that the LMD isin error but that unless an integrating sphere is used (carefully), the nonuniformity of the
illumination can cause difficulties. If a hemisphere (or equivalent) is used, it can be a challenge to get that
hemisphere evenly illuminated. How well this method works depends upon the reflectance properties of the
screen—and haze introduces much of the error—so that we can anticipate a measurement of the reflectancer
will exhibit areproducibility of £5 % at best.
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.>K< 308-2 AMBIENT CONTRAST RATIO
SBM

DESCRIPTION: We measure the contrast ratio at center screen using full-
screen black and full-screen white under diffuse-ambient lighting
conditions. The measurement is adjusted to give the reflection
performance under the desired task ambient illumination (typically for
offices, 500 Ix). Units: none, aratio. Symbol: C..

The measurement of the full-screen black-white contrast ratio under
ambient lighting conditions is a measure of the performance of the
display with illumination similar to the required task environments (for a \ WHITE o
bright office we use 500 Ix maximum). Note: For use with the Suite of
Basic Measurements (SBM), the results must be adjusted for an
illuminance of E, = 500 Ix.

SETUP: A diffuse-ambient light is provided to illuminate the screen from all
directions as uniformly asis practical. The LMD, focused on the display
surface, is arranged to view the center of the screen through a holein the
surround from an angle of 8° (£2°) from the normal (or rotate the display
in an integrating sphere).

Surround: Ideally, an integrating sphere is best. However, it & o % N
may be possible to use a surround that is less than perfect. The
success of using surrounds other than an integrating sphere
depends upon how uniform the illumination is from all ~
directionsin front of the display as well as the reflectance
properties of the display. A white hemisphere that is evenly i D
illuminated is preferred if an adequate integrating sphere is not
available. If that is not possible, a box can be constructed and painted with the whitest matte paint available. A
number of configurations can be used (even a hemisphere or integrating-sphere device smaller than the screen
height or width), but it is most important that the surround have a relatively uniform luminance distribution
over the part of the surround that isin the vicinity (£30°) of the perpendicular of the display surface—see the
Metrology Appendix, Auxiliary Laboratory Equipment (A113) for alternatives. The hole diameter should be
larger than the diameter of the lens of the L M D—the entrance pupil of the LMD—~by about 20 % to 30 %
larger at least. However, care must be exercised to avoid any direct light from the sources or any bright
reflections off any surface (other than the screen itself) from hitting the lens of the LMD in order to minimize
veiling glare contamination of the reflected luminance measurement. If light reflected off the inner diameter of
the hole might cause glare corruption, you may want to bevel the hole away from the lens. In the future there

may be LMDs available that provide the capability to make these Diffuse Reflectance Standard t
measurements without the necessity of a surround. Such devices are Positioned Away from Center
under study at the time of this writing. <

White Standard: A diffuse white reflectance standard of known
luminance factor r 44 is required if the illuminance on the screen cannot
be measured directly with an illuminance meter. If you want to make
two measurements one with and one without the reflectance standard,
then the white standard would be positioned at the center of the screen
for the measurement of the standard. However, if you want to make
both the measurement of the reflection of the screen and the diffuse
standard at roughly the same time, then the white standard should be
placed as close as possible to the center of the screen without affecting
the measured screen reflection (a minimum distance of 8 to 12 times the thickness of the white standard is
reasonable—the thickness in the direction of the screen normal). The white standard, if used, should be placed
near the display surface during the measurements with the surround in place. Be careful not to touch the
display surface if it is delicate.

Lamps: If an integrating sphere cannot be used, the lamps should be behind the plane of the surface of the
display near the display, but not too near so that they heat up the display. They should be moved to provide the
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SPECIFIC: Alternate full-screen white and black. See Section 301 for any standard setup details.

308 REFLECTION

most uniform illumination of the surround. When adjusting their placement, keep in mind that your clothing
may contribute to some of the light. We suggest that the illuminance on the screen be at least 200 Ix.

H

g | LR £ 1 Both dark d non- .
1L O XD i [ & s W

PROCEDURE: (1) Under darkroom conditions without the surround in place (remove the reflection surround if it

isin front of the screen, or move the display to another darkroom location) measure the center screen white L,
and black L, luminances. (2) Install the surround and measure the self luminance of the screen because of its
light reflecting back off the surround. Do this for both black and white full screensL’y,, L'y (3) Now illuminate
the reflective surround. (3a) Measure the illuminance E on the surface of the DUT center using an illuminance
meter or (3b) measure the luminance Lgq Of the white standard near center screen. The illuminance is given by
E =p Lgq / r 49- Be careful not to touch the surface of the screen unless the screen is made for rough handling.
(3c) Measure the luminance of the full-screen black L, and full-screen white Ly, under conditions of ambient
reflection.

ANALYSIS: (1) First, calculate the net self luminance for the black and white screens with the surround in place,

but not illuminated with anything but the light from the display. The self luminance contributions are:
Ley=L"w —Ly for whiteand Ly, = L', — L, for black. (2) Calculate the net reflected luminance (only the
reflected light, not the light originating from the screen or any self luminance of the screen) for white

L = Law— Ly —Lgy and for black Ly, = Ly — Ly — Lgy; it isvery likely that Ly, and Ly, will be approximately the
same magnitude. (3) Calculate the correction factor k = E, /E, where E, is the adjusted illuminance value

(500 Ix istypical for abright office environment). Note: For use with the SBM, E, = 500 Ix must be used.

(4) Calculate the luminances that would be obtained using an E, illuminance: Law = L, + kL, and

Lag = Lp + KLy, . (5) The ambient contrast ratio corrected for the adjusted illumination of E, isthen given by:
Ca = Law/Lag - A summary of these equations follow:

Summary of Ambient Contrast M easur ement
c
| _ - Elele |8
Equations é Description % g § g 3
& 18|53 5|8
1. DARKROOM MEASUREMENTS:
L, [luminance of full white screen in darkroom
Ly, |luminance of full black screen in darkroom
2. INSTALL SURROUND WITH LIGHTS OFF (ONLY LIGHT FROM SCREEN PRESENT):
L’ |screen white plus self luminance from surround
Ly |screen black plus self luminance from surround
Lev=L'w—Lu Lsy [net self white luminance
Ly, =Lp—-L, Ly, |net self black luminance
3. ILLUMINATE SURROUND TO PROVIDE AMBIENT ILLUMINATION:
L.y |luminance of white screen with ambient on
Ly [luminance of black screen with ambient on
Lw = Lav — Ly — Lsy L. |net reflected luminance from white screen
Lo =Lap—Lp—Lyp L, |netreflected luminance from black screen
Lgq |luminance of white standard
r«q |reflectance of white standard
E=pLlgdq/rgd E |incident illuminance (measure or calculate)
E, |adjusted illuminance value (500 Ix typically)
k=E. /E k |adjustment factor for illuminance of E_
Law = Ly + KLy Law |ambient adjusted white luminance
Lag =Ly + kL Lag |ambient adjusted black luminance
Ca = Lag/Law C, |ambient contrast
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REPORTING: Report the black and white adjusted luminances with reflection for a 500 Ix illumination Law, Las
and the ambient contrast ratio C, to no more than three significant figures. Report the adjusted illuminance
value E_ if it isnot 500 Ix. If E_ is not explicitly reported it must be 500 Ix.

COMMENTS: Tungsten and fluorescent ac-powered lamps may exhibit an ac fluctuation which can increase the
imprecision of the measurements. In the event that an illuminance meter is not available, the illuminance can
be determined with the aid of a white diffuse standard having a known luminance factor r 44. Measure the
luminance Lgq Of the standard at the position of the screen, the illuminance is given by E = Lgq p/ r 44. See the
Metrology Section on Auxiliary Laboratory Equipment (701-13) for more details on making or obtaining a
white diffuse standard. The value of the adjusted illuminance E, = 500 Ix arises from a conventional
ergonomic representation of office lighting where it is assumed the illuminance on a display is given by
E = Ep (1 + cosa), where Ey = 250 Ix and a is the angle of the surface of the display and the horizontal plane
(a =90° for avertical display surface). The worst caseis for the screen lying flat for which E = 500 Ix. Other
adjusted illuminance values may be used provided all interested parties agree.

There may be devicesthat are very different from the apparatus
described above and that provide a measurement of the total
reflectance with diffuse illumination (DHR)and the ambient contrast.
Some LMDs are specially developed to make this kind of a
measurement. They measure the reflection properties of asmall area
on the screen. Their use is under study at the time of this writing.

It isinstructive to compare this ambient contrast ratio with the
full-screen contrast ratio (see 302-3, Contrast Ratio of Full Screen, if
necessary) obtained from Cy = L,,/L,,. Because of reflections, a screen
that may look good in a dark room with a contrast of 200:1 can be
rendered rather unimpressive with a contrast of only 3:1in awell-lit

room.
Reporting - Sample Data
Ambient
[lluminance 500
E. (X
White Law
(cd/m?) it
Black Lag
(cd/m?) 78
Ca 2.09
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Analysis— Sample Data

Mesas. L,, (cd/m?)

105

Mesas. L, (cd/m?)

0.512

Mesas. L', (cd/m?)

12

Mesas. L'y, (cd/m?)

3.2

Calc. L, (cd/m?)

7

Calc. L, (cd/m?)

2.70

Mess. Ly, (cd/im?)

180

Mesas. L, {ct/m?)

67.9

Calc. Ly, (cd/m?)

68.3

Cale Ly, (cdlm®)

64.7

Meas. * by (ed/m?)

63.25

*
Kstdl

0.96

Adjusted for Ambient
INuminance E_ (Ix)

500

Calculate* or Meas.
E= Lstd p/l’std (IX)

207

Calc. k

1.4493

Calc. Law (cd/m?)

196

Calc. Lag (cd/m?)

94

Cac. Cy

2.09

Compare: Cr = L,/L,

205

* Not needed if E measured directly
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308-3 LARGE-SOURCE DIFFUSE REFLECTANCE

extended-source diffuse reflectance

WARNING: The correct measurement of this reflectance assumes that the display surface exhibits a quasi
Lambertian diffuse reflectance away from the specular direction. If thisis the case, the illuminance and
luminance are related by L = gE, and g =r 4 /p, wherer 4 is the luminance factor. Applying this measurement to
materials that have gain (i.e., exhibit a haze component of reflection and are non-Lambertian) is, strictly
speaking, incorrect. Not only are the results not simply interpreted by the true Lambertian reflectance model,

L = gE, but the measurement may be subject to many errors from alignment of the components of the
apparatus, the placement of the devices, and the characteristics of the devices. Employing this diffuse
reflectance measurement for surfaces that have a significant haze reflection component can create
irreproducible results. All interested parties should be cognizant of any misapplication of this measurement.
See A217 BRDF Reflectance Model for further discussion of the components of reflection.

DESCRIPTION: With the DUT off (assumed to be its darkest state), the diffuse (Lambertian) reflectance is
measured. Units; none. Symbol: r .
NOTE: If the powered-off state of the DUT is not the darkest condition of the DUT screen and the darkest
screen is only obtainable with the DUT being powered, then this measurement may not be appropriate. In
such cases be sure that all interested parties are in agreement in their expectations.

SETUP: Two light sources (lamps) and a diffuse white reflectance standard are needed.
NOTE: The specifications made upon the apparatus and the configuration presented below is especially
important when the haze component of reflection is significant. If there is only a specular (mirror like) and
diffuse (Lambertian) component of reflection (i.e., the haze component is trivial), then all these constraints
become much less important, e.g., the diffuse reflectance should be independent of the angles from the
normal, sizes, and distances of the lamps (if the surface is truly Lambertian) for a wide range of angles, sizes,
and distances. To accommodate these two possihilities, two specifications are offered: one for no haze
component and one for a non-trivial haze component. The tightening of the specificationsis required
whenever the haze component is significant in order to assure reproducibility of the measurement. How
closely these tolerances are met will determine how reproducible the measurement is. The tolerances should
be adequate to provide a +5% reproducibility of the diffuse reflectance measurement result.
WHITE STANDARD: A diffuse white reflectance standard of known luminance factor r 44 is required. When
positioning the white standard be careful not to touch the display surfaceif it is delicate.
LAMPSAND LMD: Two lamps are placed +30° (+qs) on each side of normal having round exit ports of
150 mm in diameter. The distance between the center of the exit port and the center of the screenisd
(nominally 500 mm). The nonuniformity N =1 - L;y/Lna Over the exit ports as well as the tolerance of the
other parameters in the configuration depend upon the reflection properties of the screen. Table 1 lists the
tolerances for the extreme conditions. The LMD should be placed far enough away from the screen that its
surfaces are not directly illuminated by the lamps. A lamp luminance L of 2000 cd/m? is preferred. The lamps
should exhibit a+1 % or smaller stability during the course of the measurements. The LMD is placed along
the normal a distance z (nominally 500 mm) away from the center of the screen. The figure shows top and side
views of a horizontal configuration; a vertically oriented configuration is sometimes employed equivalently, in
which case they would be side and top views respectively.
AMBIENT LIGHT: Darkroom conditions should be maintained if at all possible, when ambient light is
involved, the measurement is subject to increased uncertainties. However, there are some cases where there is
no recourse but to measure with some ambient light. In fact, unless many precautions are taken evenin a
darkroom there can be complications arising from ambient light. There are two sources of ambient light:
(2) sources of light in the room other than the lamps along with reflections off of surfacesin the environment
that can include the LMD and any other object in close proximity or in front of the display surface, and (2) the
additional illuminance from the reflectance of objects in the surrounding environment when the lamps are
turned on. Of course, we would prefer that the ambient luminance be less than on half the luminance values
obtained when the lamps are turned on. If so, it may be possible to successfully correct for ambient light.
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TOP VIEWS

Masks, Covers,
and Ambient
Measurements _

Apparatus
Configuration
~ La—off ! | La—on
SIDE VIEWS T~<_ . LMD Mask
__ _I: >~y (optional)

Table Cover (optional)

However, whenever there is a significant haze component, it isimportant to be careful in minimizing the
sources of ambient light. The luminances L, and L.4q are the luminances of center screen and the diffuse white
standard at the center screen with the lamps off. The increase in illuminance from back reflections of the lamp
light onto the screen from surrounding objects when the lamps are turned on can be monitored by the change
in the ambient luminance of a diffuse white standard with lamps on and then off. The standard is mounted just
above the screen and placed in the shadow of a v-shaped mask that prevents direct rays from the lamps
illuminating the standard (see description below). When the difference between the lamp-on and lamp-off
luminances of the standard (L, o, and L, ) are small, then the surrounding objects may not be reflecting too
much of the lamp light back onto the screen. The amount of back reflection can be regulated to some extent
using aLMD mask and a table cover—both described below. Even if the lamp on-off luminances (L, o, and
L. o) @re small, the light reflected back from the LMD can be corrupting the measurement since it resides on
the normal of the surface where the sensitivity to reflections can be great. Whenever there is a significant haze
component, it is important that the reflections from objects near the normal not influence the measurement.
This can be checked by measuring the screen luminance (not the luminance of the standard) with the objects
covered and then not covered. If the difference between the two luminance values is significantly larger than
the repeatability of the LMD then the object should be covered.

V-Mask: In the apparatus figure a v-shaped mask is shown on the right side of the figure. The mask
should be a medium gray having a diffuse reflectance of between 15 % and 30 % (common gray cardboard
should be adequate). This mask is used with the diffuse white standard placed at the top of the display. The
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mask shields the standard from the direct rays from the lamps. The measurement of the luminance of the
standard provides a means of estimating the amount of light that is reflected back onto the display from the
surround when the lamps are turned on. L, o, and L, « are the luminances of the diffuse white standard above
the screen (using the mask) with the lamps on and then off.

LMD-Mask: If the LMD or objects near it (such as awhite shirt of an operator) become illuminated by
the lamps either directly or indirectly they can contribute to the measured reflected luminance of the display in
ways that cannot be readily determined. Should that be a problem it may be necessary to place black felt over
the offending surfaces or place a folded gloss-black sheet of plastic with aholein the fold for the LMD lens.
The angle between the folded surfaces should be about 60° so that the mask doesn’t reflect light from the
lamps onto the screen because of its gloss-black surface. NOTE: Reflections off of the LMD and its support
structure when the lamps are turned on can be a problem even in a darkroom.

Table Cover: If the measurement is done with the components mounted on a table or other nearby
structure, then reflections of the lamps off the surface off the table (or any other component in the vicinity)
should be minimized by covering the surfaces exposed to the screen with black felt. NOTE: Reflections off of
nearby surfaces when the lamps are turned on can be a problem even in a darkroom.

Display off in black state. See Section 301 for any standard setup details.

GENERAL SETUP CONDITIONS

X N
T

{

Table 1. Diffuse Reflectance M easurement Specifications *
Symbol Description No Haze | Significant Haze
L Luminance of screen, lamps on measured
Leg Luminance of diffuse white standard, lamps on measured
On Angle of LMD relative to normal 90° + 5° 90° + 0.3°
Ga Angle subtended by exit port of lamp 15° + 5° 15° + 0.3°
gb Angle of lamp center from normal 30° £ 5° 30° £ 0.3°
a Diameter of exit port of lamp not critical (150 = 2) mm
z Distance between LMD and screen center 2 500 mm 2 500 mm
d Distance between lamp centers and screen (500 + 50) mm (570+5) mm
gF Angular field of view of LMD (¥ focus) £5° £1°
qL Angle subtended by LMD lens (entrance pupil) £5° £1°
L, Ambient luminance of screen, lamps off measured
Ambient luminance of diffuse white standard,
Lastd measured
lamps off
L Ambient luminance of diffuse white standard place measured
&on above FPD, v-mask in place, lamps on
L Ambient luminance of diffuse white standard place measured
aoff above FPD, v-mask in place, lamps off
rd=rgqL/Lgg Luminance factor without ambient light corruption caculated
Mg =
L = L- L, 0o | Luminance factor with ambient light correction calculated
Qdé Ly - Lasd o
g=rq/p Luminance coefficient caculated
N Nonuniformity of exit port of lamps (1- Lyin/Lmex) £ 50% | £ 5%
L Luminance of lamps 3 2000 cd/m? preferred
s (not specifically measured in this procedure) Stability: +1 % during measurement
* Note: Any deviations from these specifications must be clearly noted, clearly reported, and understood by all
interested parries. Sometimes different angles between the sources and the normal may be specified, for
example. For comparison purposes it is suggested that the above specifications be maintai ned.
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PROCEDURE: Measure the luminance L of the center of the screen with the DUT off (unpowered or darkest
black). Then place a white diffuse standard of known reflectance r 44 at the position of screen center and
measure its luminance Lgq. Be careful not to touch the surface of the screen unless the screen is made for
rough handling and is not delicate.

Accounting for the Effects of Ambient Light: If you must contend with non-darkroom conditions, it
may be possible to correct for the effects of ambient light. There are two possible sources. The ambient room
light and the increase in the ambient light from the room when the lamps are turned on owing to the
reflectances of items especially those directly in front of the display near the normal, e.g. the light reflecting
from the front surfaces of the LMD, etc. It is assumed that the effects of light reflecting back when the lamps
are turned on have been minimized so it can be ignored. With the lamps turned off (or completely obscured by
means of a cover) measure the luminances of the screen L, and the luminance of the white standard at the
center of the screen Lagg.

ANALYSIS: Calculate the luminance factor: r g = r g4 L/Lgq . SOme may want to cal culate the luminance coefficient
aswell: g=rq/p . Thisequation is corrected for any ambient light by: rq =rgg (L - Lg)/(Lsd - Losta)-

REPORTING: Report the luminance factor r 4 to no more than three significant figures.

COMMENTS: Tungsten and fluorescent ac-powered lamps may exhibit an

ac fluctuation that can increase the imprecision of the measurements. Analysis and Reporting
See the Metrology Section on Auxiliary Laboratory Equipment (A113) (Sample Dzata)
for more details on making or obtaining a white diffuse standard. Measure L (cd/m )2 343
This measurement is added to provide alevel of compatibility with Measure Lgq (cd/m’) 108

1SO 9241- 7. See reference [3]. Please consider A217 Reflection Models r s (known) 0.970
for amore rigorous measurement proposal of reflectance parameters for Luminance Fagtor. 0.0470
modeling purposes. rda=rsd iy

L uminarice

Coefficient 0.0150

g=rJ/p

THE NIT IS A DEPRECATED UNIT!
It's a good thing we can say

"watt"! Imagine: "Please give
me a package of four 60-
kilogram-meter-squared-per-
\‘/ second-cubed bulbs."
m Whut?!

<

Nobody can accuse them of
being nit-pickers!

The pressure today

is 102430 kilograms-

per-second-squared-
o per-meter.

Here's one: "I'd like 20 4.7 micro-amps-
squared-seconds-to-the-fourth-killograms-
to-the-minus-one-meters-to-the-minus-two
capacitors for my project."

300 OPTICAL — page 125 D\| & 125

@&



308 REFLECTION

- -

308-4 LARGE-SOURCE SPECULAR REFLECTANCE

extended-source specular reflectance

WARNING: The correct measurement of this reflectance assumes that the display surface exhibits a specular
component that produces a mirror-like distinct image where the reflected luminance L is related to the source
luminance Ls by L =r ¢, wherer 4 is the specular reflectance. The surface is also assumed to have a
Lambertian diffuse reflectance (away from the specular direction) where the illuminance and luminance are
related by L = gE, and q =r4 /p, wherer 4 is the luminance factor. Applying this measurement to materials that
have gain (i.e., exhibit a haze component of reflection) is, strictly speaking, incorrect. Not only are the results
not simply interpreted by the above models, but also the measurement is subject to many errors from alignment
of the components of the apparatus, the placement of the devices, and the characteristics of the devices.
Employing this specular reflectance measurement for surfaces that have a significant haze reflection
component can create irreproducible results. All interested parties should be cognizant of any misapplication of
this measurement. See A217 BRDF Reflectance Model for further discussion of the components of reflection.

DESCRIPTION: With the DUT off (assumed to beits
darkest state), the specular reflectance (mirror-like
reflectance that produces a distinct image) is
measured. Units; none. Symbol: r.

NOTE: If the powered-off state of the DUT is
not the darkest condition of the DUT screen and the
darkest screen is only obtainable with the DUT being
powered, then this measurement may not be
appropriate. In such cases be sure that all interested
parties are in agreement in their expectations.

SETUP: A light source (lamp) and a diffuse white

\
V¢

reflectance standard are needed. ]

NOTE: The specifications made upon the Ambients: 5 f
apparatus and the configuration presented below is La
especially important when the haze component of L astd

reflection is significant. If there is only a specular
(mirror like) and diffuse (Lambertian) component of Le

reflection (i.e., the haze component istrivial), then . >-
all these constraints become much less important, d+7

e.g., the diffuse reflectance should be independent of

the angles from the normal, sizes, and distances of

the lamps (if the surface is truly Lambertian) for a

wide range of angles, sizes, and distances. To

accommodate these two possihilities, two

specifications are offered: one for no haze
component and one for a non-trivial haze
component. The tightening of the specificationsis
required whenever the haze component is significant
in order to assure reproducibility of the measurement. How closely these tolerances are met will determine
how reproducible the measurement is. The tolerances should be adequate to provide a +5% reproducibility of
the reflectance measurement result.

WHITE STANDARD: A diffuse white reflectance standard of known luminance factor r 44 iS required in
order to estimate the amount of non-specular reflection that needs to be subtracted from the specular
luminance measurement L. When positioning the white standard be careful not to touch the display surface if
itisdelicate.

LAMP AND LMD: (Often this measurement is made after 308-4. The configuration can be obtained by
rotating the display toward one of the lamps by 15°.) Initialy, the LMD is placed at a distance of d + z away
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from the exit port of alamp having around exit port of 150 mm in diameter, and the lamp luminance L is
measured. (It is probably wise to check the lamp luminance after the measurement to be sure it hasn’'t changed
if the lamp is not monitored by other means.) A lamp luminance Ls of 2000 cd/m? is preferred. The lamp
should exhibit a+1 % or smaller stability during the course of the measurements. After the direct
measurement of the lamp luminance, the lamp is placed g = 15° on one side of normal. The distance between
the center of the exit port and the center of the screen isd (nominally 500 mm). The nonuniformity

N=1- Lyin/Lmx Over the exit port as well as the tolerance of the other parameters in the configuration depend
upon the reflection properties of the screen. Table 1 lists the tolerances for the extreme conditions. The LMD
is placed gs = 15° on the other side of the normal far enough away from the screen z that its surfaces are not
directly illuminated by the lamp.

AMBIENT LIGHT: This measurement of the specular reflectance is less affected by ambient conditions than
the measurement of diffuse reflectance in 308-3. Darkroom conditions should be maintained if at all possible.
However, there are some cases where there is no recourse but to measure with some ambient light. Of course,
we would prefer that the ambient luminance be significantly less than one half the luminance values obtained
when the lamp is turned on. If so, it may be possible to successfully correct for ambient light. The luminances
L, and L,yq are the luminances of center screen and the diffuse white standard at the center screen with the
lamp off. Any nearby surfaces that can effect the measurement because of reflections should be covered with
black felt or the equivalent. NOTE: Reflections off of nearby surfaces when the lamps are turned on can be a
problem even in a darkroom.

GENERAL SETUP CONDITIONS: Display off in black state. See Section 301 for any standard setup details.

X

galy. <[] 2]y A

PROCEDURE: The luminance of the lamp is measured directly with the LMD adistance of d + zfrom the exit

port of the lamp prior to configuring the apparatus. Measure at the center of the exit port within £1°. Then
configure the reflection measurement apparatus and measure the luminance L of the center of the screen with
the DUT off (unpowered or darkest black) and the lamp on. Attempt to measure the center of the virtual image
of the source (whether distinct or fuzzy) within £1°, i.e., focus the LMD on the source (use amirror if there is
no specular reflection). There are two cases: Case 1 where the specular (mirror-like) component dominates, and
case 2 where the non-specular components are important.

Case 1: True specular reflection: Examine the appearance of the reflected light of the lamp from the
position of the LMD. If the virtual image is distinct and there is very little luminance (£3 % of L) from
reflections outside the boundaries of the virtual image of the source then the reflection is principally specular
(mirror-like). Measure only the luminance L of the center screen. If there is ambient illumination, also
measure the luminance of screen center L, with the lamp either off or completely obscured.

Case 2: Non-specular components significant: Examine the appearance of the reflected light of the lamp
from the position of the LMD. If the virtual image is present but there is substantial luminance (2 3 % of L)
from reflections outside the boundaries of the virtual image of the source or no virtual image can be seen and
only afuzzy ball of light appears in the specular direction, measure the luminance L of the center screen, and
then place awhite diffuse standard of known reflectance r 44 at the position of screen center and measure its
luminance Lgq. If there is ambient illumination, also measure the luminance of screen center L, with the lamp
either off or completely obscured. Be careful not to touch the surface of the screen if the screen is delicate.

ANALYSIS: There are two cases to analyze from the procedure section: Analysis and Reporting
Case 1: If the examination of the appearance of the reflected light of (Sample Data, Case 1)
the lamp from the position of the LMD showed that the virtual imageis Measure L (cd/m?) 12.0
distinct and there is very little luminance reflected outside the boundaries Measure L (cdim?) "7
of the virtual image of the source, then calculate the large-source Specular Reflectance
A ot At i ’ 0.103
specular reflectance: r = L/L,. If ambient illumination isimportant use re= L/Lg

the corrected formrg= (L - Lg)/(Ls- Ly).
Case 2: If the examination of the appearance of the reflected light of the lamp from the position of the
LMD showed that the virtual image is distinct but there is substantial luminance reflected beyond the virtual
image of the source or no virtual image is observable only afuzzy ball of light, then calculate the large-source
specular reflectance making an attempt to subtract the diffuse background from the specular component using
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the luminance factor value r 4 obtained from 308-3: rs = (L - r gLgd/r «0)/(Ls ). If ambient lights are important
use the corrected formrg= (L - Ly - rqlgd/r g9)/Ls. See comments below.

REPORTING: Report the large-source specular reflectance to no more than three significant figures.
COMMENTS: Tungsten and fluorescent ac-powered lamps may exhibit an ac fluctuation that can increase the

imprecision of the measurements. See the Metrology Section on Auxiliary Laboratory Equipment (A113) for
more details on making or obtaining a white diffuse standard.

Case 1 abeys the simple specular and simple diffuse (Lambertian) reflectance model. For such surfaces the
large-source and small-source specular (308-5) reflectances should be approximately the same.

Case 2 is an approximate attempt to account for the non-specular reflectance by subtracting it from the
specular component. The method specified for case 2 is correct for reflective surfaces for which only a specular
and diffuse (Lambertian) component of reflection exists. It does not properly subtract the haze contribution to
the reflection. It is a naive model and can generate confusing results, for people will assume they have the
correct specular reflectance and begin using the form L = r ;Ls with impunity. The fact that the next
measurement, 308-5 Small-Source Specular Reflectance, was invented to provide another type of specular
reflectance proves this. The large-source specular reflectance will include a strong contribution from haze
whenever haze is nontrivial. The small-source specular reflectance will minimize the contribution from haze.
Both methods (308-4 and 308-5) are non-rigorous characterizations of reflectance whenever haze is nontrivial.

This measurement is added to provide alevel of compatibility with 1SO 9241- 7. See reference [3]. Please
consider A217 Reflection Models for a more rigorous measurement proposal of reflectance parameters for
modeling purposes.

Table 1. Large-Source Specular Reflectance Measurement Specifications
Symbol Description No Haze | Significant Haze
L Luminance of screen, lamp on, measured at the center of measured
the virtual image of the lamp within £1°
L Luminance of lamp measured at the center of the exit s 2000 cd/m? preferred
s port +1° Stability: +1 % during measurement
Leg Luminance of diffuse white standard, lamp on measured
On Angle of LMD relative to normal 90° + 5° 90° + 0.3°
Ga Angle subtended by exit port of lamp 15° + 5° 15° + 0.3°
Qs Angle of lamp center from normal 15° + 2° 15° + 0.3°
Qs Angle of LMD optical axis from normal 15° + 2° 15° + 0.3°
a Diameter of exit port of lamp (150 £50) mm (150 = 2) mm
z Distance between LMD and screen center 2 500 mm 2 500 mm
d Distance between lamp center and screen (500 + 50) mm (570+5) mm
gF Angular field of view of LMD (¥ focus) £3° £1°
qL Angle subtended by LMD lens (entrance pupil) £5° £1°
L Ambient luminance of screen, lamp off (LMD in same measured
@ position as with the lamp on to measure L above)
L-ry Lag
rs Specular reflectance without ambient light corruption re=L/Ls i I d
S LS
o | L- L, Lo Ly g
rs Specular reflectance with ambient light correction rs= L P - I «d
S S Ls
N Nonuniformity of exit port of lamp (1- Limin/Lma) £15% £5%
* Note: In accounting for some of the effects of haze, e.g., rs = (L - r gLad/r sa)/(Ls ), the term r gLgq/r 44 Can be
rendered Lgq Lo/Lasta, Where Ly is the luminance of the screen and Lygq 1S the luminance of the white diffuse
standard obtained from 308-3 Large-Source Diffuse Reflectance with the screen and white standard illuminated
with the two lamps.
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308-5 SMALL-SOURCE SPECULAR REFLECTANCE

CAUTION: The measurement of this type of reflection is an attempt to, in some way, account for the effects
of haze (see A217 BRDF Reflectance Model) when the result is compared to the measurement of the specular
reflectance in 308-4. If the display surface has only a specular (mirror-like, producing a distinct image)
component and a diffuse (Lambertian) component of reflection, this measurement should yield the same result
as 308-4 Specular Reflectance. If there is a significant haze component the value of the small-source specular
reflectance will be smaller than the specular reflectance (extended source) since haze reflectance is sensitive to
the illuminance from the source whereas the specular reflectance is sensitive to the luminance of the source.
The illuminance from the extended source in 309-4 is significantly greater than the illuminance from the small
source. Also, if there is a significant haze component, this measurement may be sensitive to placement of the
LMD, the size of the entrance pupil of the LMD, the focus of the lens of the LMD, the AFOV of the LMD, as
well as the placement, uniformity, and diameter of the light source. Y ou can expect this measurement to be
irreproducible and be very dependent upon apparatus and optical configurations when applied to surfaces with
asignificant haze reflection component. It is included in this document for the sake of completeness and
history. All interested parties should be cognizant of any misapplication of this measurement. See A217 BRDF
Reflectance Model for further discussion of the components of reflection.

DESCRIPTION: With the DUT off (assumed to beits
darkest state), the reflectance arising from a small
source illumination is measured, and a coefficient for
small-source specular reflectance is cal culated.

Units: none. Symbol: r gng.

NOTE: If the powered-off state of the DUT is
not the darkest condition of the DUT screen and the
darkest screen is only obtainable with the DUT being
powered, then this measurement may not be
appropriate. Perform the Ambient Contrast (308-1)
measurement instead.

SETUP: One small-diameter light source (lamp) and a
diffuse white reflectance standard are needed. The
figure shows the same configuration used for 308-3
(diffuse) and 308-4 (specular) with the display
rotated 15° so that the angle between the normal of
the screen and either the center of the source and the
LMD is 15°. Only one source is employed. A large-
diameter source (such as used in 308-3, 4) may be
covered with an opaque black disk with asmall hole
at its center to act as a small-diameter light source. A
fiber-optic light source of the same diameter or other
light sources can be used as well, provided they are
adequately uniform and stable. The goal is that the
small source subtends 1° as viewed from the center of
the screen.

NOTE: The specifications made upon the
apparatus and the configuration presented below is
especially important when the haze component of reflection is significant. If thereis only a specular (mirror
like) and diffuse (Lambertian) component of reflection (i.e., the haze component istrivial), then all these
constraints become much less important, e.g., the diffuse reflectance should be independent of the angles from
the normal, sizes, and distances of the lamps (if the surface is truly Lambertian) for a wide range of angles,
sizes, and distances. To accommodate these two possibilities, two specifications are offered one for no haze
component and one for a non-trivial haze component. The tightening of the specificationsis required
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whenever the haze component is significant in order to assure reproducibility of the measurement. How
closely these tolerances are met will determine how reproducible the measurement is. The tolerances should
be adequate to provide a +5% reproducibility of the reflectance measurement result.
WHITE STANDARD: A diffuse white reflectance standard of known luminance factor r 44 iS required in
order to estimate the amount of non-specular reflection that needs to be subtracted from the specular
luminance measurement L. When positioning the white standard be careful not to touch the display surface if
itisdelicate.
LAMP AND LMD: (Often this measurement is made after 308-4. The configuration can be obtained by
rotating the display toward one of the lamps by 15°.) Initialy, the LMD is placed at a distance of d + z away
from the exit port of alamp having around exit port of 150 mm in diameter, and the lamp luminance L is
measured. (It is probably wise to check the lamp luminance after the measurement to be sure it hasn't changed
if the lamp is not monitored by other means.) A lamp luminance Ls of 2000 cd/m? is preferred. The lamp
should exhibit a+1 % or smaller stability during the course of the measurements. After the direct
measurement of the lamp luminance, the lamp is placed g = 15° on one side of normal. The distance between
the center of the exit port and the center of the screen isd (nominally 500 mm). The nonuniformity
N=1- Lyin/Lmx Over the exit port as well as the tolerance of the other parameters in the configuration depend
upon the reflection properties of the screen. Table 1 lists the tolerances for the extreme conditions. The LMD
is placed gs = 15° on the other side of the normal far enough away from the screen z that the surfaces of the
LMD are not directly illuminated by the lamp.
AMBIENT LIGHT: This measurement of the small-source specular reflectance is less affected by ambient
conditions than the measurement of diffuse reflectance in 308-3 but can be affected more than the large-source
specular reflectance in 308-4. Darkroom conditions should be maintained if at all possible. However, there are
some cases where there is no recourse but to measure with some ambient light. Of course, we would prefer that
the ambient luminance be significantly less than one half the luminance values obtained when the lamp is
turned on. If so, it may be possible to successfully correct for ambient light. The luminances L, and Loqq are the
luminances of center screen and the diffuse white standard at the center screen with the lamp off. Any nearby
surfaces that can effect the measurement because of reflections should be covered with black felt or the
equivalent. NOTE: Reflections off of nearby surfaces when the lamp is turned on can be a problemeven in a
darkroom.

GENERAL SETUP CONDITIONS: Display off in black state. See Section 301 for any standard setup details.

X i RXEC-Ed=

PROCEDURE: The luminance of the lamp is measured directly with the LMD adistance of d + zfrom the exit
port of the lamp prior to configuring the apparatus. Measure at the center of the small-source exit port. Then
configure the reflection measurement apparatus and measure the luminance L of the center of the screen with
the DUT off (unpowered or darkest black) and the lamp on. Focus the LMD on the source (use a mirror if
thereis no specular reflection). Attempt to measure the center of the virtual image of the source (whether
distinct or fuzzy). There are two cases: Case 1 where the specular (mirror-like) component dominates, and
case 2 where the non-specular components are important.

Case 1: True specular reflection: Examine the appearance of the reflected light of the lamp from the
position of the LMD. If the virtual image is distinct and there is very little luminance (£3 % of L) from
reflections outside the boundaries of the virtual image of the source then the reflection is principally specular
(mirror-like). Measure only the luminance L of the center screen at the center of the virtual image. If thereisa
thick faceplate or separated reflecting surfaces, then two reflected virtual images (fuzzy or distinct) may be
observed. If this happens for a CRT with a curved faceplate, then rotate the display about the center of the
screen until both virtual images are aligned as best as possible, and then measure L. If you have two reflections
using a FPD, then reduce the g5 = 15° as much as your equipment will allow to overlap the reflections. If there
isambient illumination, also measure the luminance of screen center L, with the lamp either off or completely
obscured.

Case 2: Non-specular components significant: Examine the appearance of the reflected light of the lamp
from the position of the LMD. If the virtual image is present but there is substantial luminance (2 3 % of L)
from reflections outside the boundaries of the virtual image of the source or no virtual image can be seen and
only afuzzy ball of light appears in the specular direction, measure the luminance L of the center screen, and
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then place awhite diffuse standard of known reflectance r 44 at the position of screen center and measure its
luminance Lgq. If thereis athick faceplate or separated reflecting surfaces, then two reflected virtual images
(fuzzy or distinct) may be observed. If this happens for a CRT with a curved faceplate, then rotate the display
about the center of the screen until both virtual images are aligned as best as possible, and then measure L. If
you have two reflections using a FPD, then reduce the gs = 15° as much as your equipment will allow to
overlap the reflections. If there is ambient illumination, also measure the luminance of screen center L, with
the lamp either off or completely obscured. Be careful not to touch the surface of the screen if the screenis
delicate.

ANALYSIS: There are two cases to analyze from the procedure section:

Case 1: If the examination of the appearance of the reflected light of Analy;a?nar}d geportl ng
the lamp from the position of the LMD showed that the virtual imageis Measur(e L (gd;amzsata) 120
distinct and there is very little luminance reflected outside the boundaries 5 -
of the virtual image of the source, then calculate the small-source Measurg L {ed/m’) L
specular reflectance: rgnai = L/Ls. If ambient illumination is important Specular Reflectance, | 0o
use the corrected form r gna; = (L - L)/(Ls- Ly). Foman = L/Ls

Case 2: If the examination of the appearance of the reflected light of the lamp from the position of the
LMD showed that the virtual image is distinct but there is substantial luminance reflected beyond the virtual
image of the source or no virtual image is observable only afuzzy ball of light, then calcul ate the small-source
specular reflectance making an attempt to subtract the diffuse background from the specular component using
the luminance factor value r 4 obtained from 308-3: r gnai = (L - r gLgd/r «0)/(Ls ). If ambient lights are important
use the corrected form r gng; = (L - La - rglgd/r ¢g)/Ls. See comments below.

REPORTING: Report the small-source specular reflectance to no more than three significant figures.

COMMENTS: Tungsten and fluorescent ac-powered lamps may exhibit an ac fluctuation that can increase the
imprecision of the measurements. See the Metrology Section on Auxiliary Laboratory Equipment (A113) for
more details on making or obtaining a white diffuse standard.

Case 1 abeys the simple specular and simple diffuse (Lambertian) reflectance model. For such surfaces the
large-source (308-4) and small-source specular reflectances should be approximately the same.

Case 2 is an approximate attempt to account for the non-specular reflectance by subtracting it from the
specular component. The method specified for case 2 is correct for reflective surfaces for which only a specular
and diffuse (Lambertian) component of reflection exists. It does not properly subtract the haze contribution to
the reflection. It is a naive model and can generate confusing results, for people will assume they have the
correct specular reflectance and begin using the form L = r gnq) Ls With impunity. The fact that this small-
source measurement was invented to provide another type of specular reflectance proves this. The large-source
specular reflectance will include a strong contribution from haze whenever haze is nontrivial. The small-
source specular reflectance will minimize the contribution from haze. Both methods (308-4 and 308-5) are
non-rigorous characterizations of reflectance whenever haze is nontrivial. Please consider A217 Reflection
Models for a more rigorous measurement proposal of reflectance parameters for modeling purposes.
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Table 1. Small-Source Specular Reflectance Measurement Specifications
Symbol Description No Haze | Significant Haze
Luminance of screen, lamp on, at center of reflected
L image (the screen may have to be rotated about its center measured
about the vertical axisto align two reflected images when
the reflecting surfaces are separated)
Ls Luminance of lamp at its center - 2000 cd/m? preferred
Stability: +1 % during measurement
Leg Luminance of diffuse white standard, lamp on measured
Identification of the normal initially (may change if the
On display needs to be rotated to align multiple images from 90° £ 5° 90° £ 1°
separated surfaces)
Ga Angle subtended by small exit port of lamp 2°+1° 1° + 0.01°
Angle of lamp center from normal and angle of LMD
Qs from normal. Small adjustments may be made to capture 15°+1° 15°+1°
the center of the reflected image.
a Diameter of exit port of lamp (20 £ 10) mm (10£ 0.1) mm
z Distance between LMD and screen center 2 500 mm 2 500 mm
d Distance between lamp centers and screen (500 + 50) mm (573+5) mm
gF Angular field of view of LMD (¥ focus) £1° £0.3°
qL Angle subtended by LMD lens (entrance pupil) £5° £1°
L Ambient luminance of screen, lamp off (LMD in same measured
a position as with the lamp on to measure L above)
L-ry Lyd
I small Specular reflectance without ambient light corruption rsmal = L/Ls _ M «d
M small = L
. . . . L- La L- La Td i
remal | Specular reflectance with ambient light correction I small = L ol = - I std
N Nonuniformity of exit port of lamp (1- Liin/Lma) £10% £5%
* Note: In accounting for some of the effects of haze, e.g., rs = (L - r gLgd/r ¢a)/(Ls ), theterm r gLgd/r 44 CaN be
rendered Lgq Lo/Lasa, Where Ly is the luminance of the screen and Lygq 1S the luminance of the white diffuse
standard obtained from 308-3 Large-Source Diffuse Reflectance with the screen and white standard illuminated
with the two lamps.
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400 ELECTRICAL PERFORMANCE

Electrical Power Measurements. Making an electrical power
measurement on a display assumes that the circuitry is accessible or the display
is powered by a power source separate from the display. In many cases the
DUT can have an integrated power source that does not lend itself to
measurement such as in alaptop computer. In such cases many would be
hesitant to break into the enclosure and tap into the powering lines to the
display. In such cases the manufacturing data may be the only source of
information as to the power consumption of the DUT.

401 POWER CONSUMPTION & SUPPLY
401-1 POWER CONSUMPTION — Note: If any measurement in 402 (Efficiencies) will be made, be
sure to measure the power with a white full screen in addition to any other pattern otherwise
chosen.
401-2 POWER SUPPLY RANGE VERIFICATION

Efficiency: The term “luminous efficiency” in the CIE definition means the number of lumens per optical
power [W] of radiation. The term “luminous efficacy” is used by the CIE to characterize the luminous flux per watt
of electrical energy input (Im/W). “Efficiency” is more familiar to many. Generally speaking, the efficiency
characterizes how well the display converts electrical power into visible light. Note that Procedure 401-1 is Frontal
Luminance Efficiency. Since some displays can emit quite a bit of light away from the normal without much
desirable information content, we felt that the frontal luminance efficiency was a reasonable metric to introduce. It
is, perhaps, a better metric for characterizing display performance than the luminous efficacy (“efficiency”).
Luminous efficacy (“efficiency”), on the other hand, is a type of power ratio that characterizes the visible “ power”
output in al directions vs. the electrical power input (the luminous flux is what some have called a“light watt”).
One obvious advantage using the frontal luminance efficiency is that neither alarge integrating sphere,
goniophotometric sampling, nor other expensive apparatus is needed to make the measurement provided a power
measurement or characterization is available.

402 EFFICIENCIES
402-1 FRONTAL LUMINANCE EFFICIENCY -e
402-2 LUMINOUS EFFICACY-h

-
i
-
O
=]
.
O
>
-

I've put in Yes, we noticed.
dummy “Sample data"
numbers to wouldn't capture
\/ show how its the essence of
done. e your contribution.

400 ELECTRICAL — page 133 @ 133



401 POWER

Concern for the measurement of electrical power required by a
display might be prompted by a number of requirements or factors: low
power drain on batteries for alaptop or hand-held device, air conditioning
needed to handle the heating from displays used in an enclosure, drain on
power sources in avehicle, etc. Unless you are able to access the power
lines to the display these measurements will not be possible. In such cases
manufacturing data may be the only source of information. Some displays
reguire a backlight and manufacturers like to separate the power
reguirements of the light-valve matrix and associated electronics from the power requirements of the backlight. If
the backlight is necessary for the task conditions, then its power should be included in the total power required to
run the display. In complicated situations, all interested parties will have to agree on how to resolve any
irregularities.

Another concern is for the range of power sources that are acceptable to the display for proper operation.
Cost factors may be involved in the required accuracy of the power requirements. For this reason thereis a
measurement included that verifies the operating range of the DUT.

401-1 POWER CONSUMPTION
Note: If any measurement in 402 (Efficiencies) will be made, be sure to measure the power with a
white full screen in addition to any other pattern otherwise chosen.

401-2 POWER SUPPLY RANGE VERIFICATION

But you were the one

who wanted it that '
This is a bad idea! It way. We changed cPYc\x/:“ldI ve
- gea my
needs much morell them all to suit you! mind.

W O @@
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401-1 POWER CONSUMPTION

(power dissipation, total power)

DESCRIPTION: We measure the power consumption of the DUT. Units: W (watt).

Symbol: P.

CAUTION — EXCESSIVE VOLTAGE CAN DESTROY THE DISPLAY: DAMAGE
When supplying power to any display from an external source over which you have TO DISPLAY
control, always adjust the voltage to the manufacturer’s specifications before POSSIBLE

connecting the display. If too much voltage isinadvertently applied it can destroy
the display.

Power Consumption is the total power used by the DUT for operation. It should be measured using a
displayed video pattern that produces the greatest amount of current draw for the DUT from the applied
voltage(s). The applied voltage should be well regulated and have sufficient current capability so that it does
not change when the display current changes.

Many LCDs have inverters to power backlighting systems, and the power required for the backlight is part
of the total display power, since the DUT will not be fully usable without its operation. Inverters convert dc
voltage to ac to drive fluorescent lamps that produce the brightness for LCDs. That process produces
conversion losses, and causes additional power consumption that is not part of the actual display power
consumption. The true power consumption for LCDs with backlights must include the total power as seen at
the input of the inverter to be the total value. For inverter power measurements, the displayed video does not
matter, since the inverter power consumption is non-video-related. Note: in this version of the document, no
recommendations are made to measure the power at the output of the inverter (the backlight input).

The total power consumption is the DUT
display power plusthe inverter power (if
applicable) or other backlight/projector Video
lighting, and in some cases may include Source **
non-display related power, such asin

monitors where the display supply
voltage also supplies other circuits, such

as USB or 13%4 interfaces, or audio or I Voltage
non-display video circuits. In addition, + Meter V
some monitors may have ac voltage Power I

input, requiring ac/dc converters, which Supply(ies) * ¢ Current
produce additional power due to their Meter J
conversion loss inefficiencies. The power Interface Fixture

required for a backlight for an LCD or
lighting systems to produce light for areflecting or projector display, must always be included in the total
power consumption.

Power is always additive, so the total power isthe sum of all theindividual powers, including the
backlight with inverter (where applicable), the display or panel, and any other incidental power (such as USB,
1394, etc.) when the total power of a monitor which contains such circuitsis desired.

NOTE: Power P isthe product of the voltage V and current J: P =V J.

i P = power in watts(W)
P=VJ :'V = voltagein volts(V)
I3 = currentinamps(A)
(For ac the voltage and current would be the root-mean-square [“rms’ or “RMS’] values.) If adirect power
reading instrument is employed to make the power measurements, use its numbers directly without voltage and
current measurement or calculations.
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Table 1. Power Consumption Display Conditions
Casel Case 2 (preferred) Case 3 Case 4
Embedded Standalone FPD & FP Monitor & FP Monitor with
Display Projector Engines Projection Systems additional circuits
M easure Power? no * yes** yes maybe (user option)

*Embedded system, such as for an enclosed laptop computer. For exception cases in which the display power

can be measured, see text below.
**Case 2 isthe preferred method of testing, and should be used whenever possible.
NOTE: If the supply lineisto be interrupted and the current measured in series with the power source, a
special interface fixture may be needed to measure the current.

Table 2. Power Source Alternatives
Casel Case 2 Case 3 Case 4
Embedded | Standalone FPDs | FP Monitor & | FP Monitor **
Conditions Display & Projection with additional | Comments
Projector Engines Systems circuits

ac supply -- no maybe * maybe * Convert to RMS
dc supply -- yes yes maybe **
multiple dc supplies -- yes yes maybe ** Sum all supplies

* Measurement of a monitor with ac input will include non display-related losses due to the inefficiencies of the
ac/dc conversion process. This assumes dc input to any DUT being measured. That is not part of the display
power consumption directly, and it is up to the user if he/she chooses to include or exclude that.

**FPD monitors with additional (non-video-related) circuits may have the input power measured just asin
Case 3, but the usefulness of the total power must be determined by the user.

Table 3. Backlight (or other luminance source) Options
Casel Case 2 Case 3 Case 4
Embedded | Standalone FPDs | FP Monitor * FP Monitor *
Conditions Display & & Projection with additional Comments
Projector Engines Systems circuits
Backlight* -- maybe maybe maybe Add backlight
power to total

*Backlights, or external luminance sources may be of several types. They may include a fluorescent-tube
backlight, other types of backlights, such as LEDs or EL, or rear or reflected lamps, such as for projector

applications.

Case 1: A DUT which isintegrated in a system, in which the system supply powers both the system and the DUT,
with no access to the power that goes directly to the DUT. An example would be an enclosed laptop computer.
In this case, the display power usually cannot be determined and power consumption for the displays are not
realizable. (Note: Under special conditions, power for the DUT can be measured in an embedded system.
These conditions would either entail disassembly of the system sufficiently to gain access to the voltage source
to the DUT and inverter, or entail knowledge of the total system power and being able to subtract that from
the power of the display. It is up to the user to determine if such measurements are practical for his
conditions.)

Case 2: A standaone display (which will include an inverter for many LCDs), the total power is equal to Pgispiay, OF
Puispiay + Pinverter™, 1f the DUT has an inverter. Note that for displays which have multiple voltage supplies, such
as+5V and +12V, that the power of al individual sources are added, such as Piispiay = (Psv + P1av + Pinvere™).
Case 2 isthe preferred method of testing, and should be used whenever possible.

Case 3a: A flat panel monitor which contains no circuitry other than for the DUT (perhaps with inverter), and is
powered entirely by ac (line voltage) only. The total power of the DUT is the power read at the ac input. e.g.

Pisplay = Pac

136 @? 400 ELECTRICAL — page 136




401 POWER

Case 3b: A flat panel monitor that contains no circuitry other than the DUT (perhaps with inverter), and is
powered by dc. The total power of the DUT is the power read at the dc input. €.9. Pigiay = Poc. If thereis more
than one dc source, then add the individual powers of each, such as Pgigyiay = Pac1 + Pac2 +... Paen HPinverter™ -

Case 4: A flat panel monitor which contains non-video related power-consuming circuits, such as USB, 1394,
audio amplifier power, etc., and the total power of the monitor is to be considered, then the total power is
equal to the sum of the individual powers. For example, total power
Piota = Pisplay + Pinverter™ + Pa + Py + ... + Py), where Py, Py, .... Py, are the powers of each non-video circuit
section, such as USB, 1394, audio power, etc.

Note: For Case 4, you must determine if measuring the DUT plus the other circuitsin a monitor systemis
the most useful information for the specific power consumption evaluation, since the other power consumed is
not actually part of the display power.

*This may be for inverter or other display lighting power. Eliminate the Pyt term if the DUT has no
inverter (or set it to be “0") or lighting power circuits.

SETUP:
1. EQUIPMENT
Alternative 1: An ac-operated display (in which the ac powers the display only), e.g. might be found for Case 3 or
Case 4.
An ac power measurement test set which reads ac power directly, or P.
Separate RM S voltage and current measurement equipment , of P = Vs Jims
Vp.p J
p-p Yp-p

J_zf

Peak-to-peak (p-p) voltage, current measurement equipment, for which P =

Frequency of the ac voltage should also be recorded whenever ac is employed.

Alternative 2: An external display*, in which the display power source(s) is accessible independent of a system,
and externally powered (generally by dc). e.g. Case 2, Case 1 with some disassembly, or might for Case 3.
- dc voltage meter
dc current meter (It may be necessary to interrupt the supply or supplies and place the current meter in
series with the supply). Note: A specia interface fixture may be needed to accomplish this.
Set voltages of external power supplies for the display rated voltage(s) +1 %.
Power Measurement (V; and J; are dc values and “inv” isinverter): P=V,J, + Vb Jp + ... + Viy Jiny -*
Note Depending upon the display, this may involve one or more than one supplies for the dlsplay, and one or
more for the backlight inverter. The total power is equal to the sum of each of theindividual powers. Note:
Alternative 2 will provide the most accurate readings and is the preferred electrical setup method whenever
possible.
*With backlight where applicable, such asfor many LCDs. It isincluded since the backlight is part of the
total power consumed by the display. For cases with no inverter, delete this term.

2. SETUP PROCEDURE
Connect voltage(s) to the display, inverter, and any other display-related circuits.
Set the voltage to its specified value as accurately as possible (goal: < +0.5 %)
Display video pattern that produces the worst case power for the display.
If the user does not know in advance what that displayed pattern for worst case pattern may be, then it may be necessary to try
various patterns while monitoring the current drawn by the display.
Note: If you intend to determine the frontal luminance efficiency e (402-1) be sure to measure the power using a white full
screen in addition to any other pattern that might be used.
Measure the power for each supply and calculate the display power consumption as follows:
Pota =Vidi +Vodo + o+ Vi + Vi iy = P1+ Po+ .+ P+ Py
where V1, Vs, ...V, = All voltages applied to the display,
Ji, Jo, ... Jn = All currentsto the display,
Vi, Jinv = Backlight inverter voltage and current.
For displays which have no inverter, disregard the inverter power measurements (set to zero) and use display

power only for the total power.
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For displays which have multiple supply voltages (to the display only), then the power for each supply must be
determined, and all added together to determine total power for the display. If the display has different power
consumption for different video patterns for each supply, then a single pattern should be selected by the tester
and used for all the power measurements. Note that if the frontal luminance efficiency (402-1) isto be
measured a white full-screen is required in addition to any other pattern selected.

When only line input can be measured, power can be determined by using ac power meters or by actual
measurements of the voltage and current and multiplying them. The resultant power should always be in RMS.

For displays integrated into systems in which the power source provides power to other circuits in addition to the
display, such as laptops or displays with additional internal circuits, and the power to the display cannot be
isolated for measurement, then the power consumption may be difficult to determine. The user may want to
not include power measurements in such cases.

PROCEDURE:

1. Adjust the power input for specified values, £1 % (goa <+0.5 %).

2. Attach voltage and current measuring devices (or power measurement devices) to the input.

3. Display the desired pattern on the screen:

a) Worst case pattern: The pattern that causes the greatest amount of power consumption such as an
alternating pixel pattern.
b) White screen: Display afull luminance, all white full-screen display (as in 302-1, Luminance and Color of
Full-Screen White).
4. Inverter (for displays that use an inverter to power a backlight ):
Note: For measurement of inverter power for LCDs, power will not vary dependant on the displayed video.
1. Apply therated voltage input for specified value, +1 % (goal <£0.5 %). Thisis Vin, O Vinyerter -
2. Settheinverter adjustment (if there is one) for maximum output (that is, maximum luminance).
3. Measure the input current to the inverter. Thisis Jiny OF Jinverter -
4. Backlight (or inverter) power = Vip, liny -

5. Video Pattern: If luminance isimportant, measure the luminance at the front center of the screen, using
standard measurement techniques (see 302-1, Luminance and Color of Full-Screen White). If the frontal
luminance efficiency (402-1) is to be determined then a full-screen white pattern must be also be used in
addition to any other pattern selected. If the frontal luminance efficiency is not to be determined, any video can
be used that maximizes the power consumption.

ANALYSIS: Perform necessary calculationsto fill in Table 4.
REPORTING:

Report the following on the reporting sheet: Video pattern used, input voltage (all), input current (all), input power
(all), and the total power consumption

Table 4: Power Consumption Reporting - Sample Data

Pattern Used: 1 pixel 1 pixel alternating pixe| pattern

Input Supply Volts, V (inV) Current, 1 (inA) Power, P (in W)*

Panel 5.2 0.4 2.08 Ppen = VpanJpan
Inverter ** 12.05 0.502 6.05 Piv = Viwdnw **
Total * — — 8.13 P = Ppan + Piny **

*Total Power = Pisplay + Pinverte™ ™ + Pother™*

**|f used
* Note: For additional voltage sources and their associated currents, report their values on comment sheet.
* |f ac voltage is used, report the voltage frequency.
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401-2 POWER SUPPLY RANGE VERIFICATION

DESCRIPTION: This section provides guidelines on measuring the display operation over the specified voltage
operating range. These measurements can only be made for any case in which the user can provide power for
the isolated display or tap into the power on a display integrated into a system. It is assumed that the power to
the display can be isolated and measured independently of supplying power to any non-display-related circuits.
If the power is measured but also supplies other circuits, then the display power consumption reading may be
useless.

It is considered that this test applies to dc power sources. Some technologies, may have ac input, or it may
be desired that the total power of the display including an ac source be tested. That may be done at the discre-
tion of the user, but detailed information is beyond the scope of discussion in this test.

Note: Either perform this measurement before all other measurements or after all other measurements
requiring display settings not to be changed. The adjustment of display controls calls for upsetting setup
conditions that may be hard to reset accurately.

Caution: Care must be given to applying voltage(s). If an excessive voltage is applied
it can destroy the panel.
Conditions to perform this test:
1. External, adjustable power supply is used (unless internal power supply can be DAMAGE

adjusted over the specified operating range) TO DISPLAY
2. Power is isolated to supply the display and related circuitry (e.g., inverter) only. POSSIBLE
3. An interface to apply the external voltage and measure the current.

SETUP & PROCEDURE & ANALYSIS: DUT
Using an adequate interface for
supplying the voltage(s) and measuring Video
the current, perform the following steps. Source **
* CAUTION: Adjust and measure the
voltage before applying it to the panel
to avoid damage from excess voltage.

** CAUTION must be exercised to | Voltage
comply with any power sequencing + Meter V
issues with the display, such as Power I
sequence of applying voltage(s) and Supply(ies) * : Current
video, if necessary. Meter J
a) Apply acontrolled voltage (or Interface Fixture

voltages) to the display.

b) Assure proper measurement equipment is used to determine the voltage and current, or power.

d) Display video content that is suitable to demonstrate worst-case power consumption by monitoring the
supply current while changing video. (Note that the inverter power isindependent of video content.)

€) Vary the voltage for each of the high, exact, and low settings, and measure the input voltage(s), current(s)
and calculate the resulting input powers. Combine all power into afinal total power consumption.
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REPORTING:

Report the following on the reporting sheet
- Input Voltage (all)

- Input Current (all)

- Input Power (all)

- Total Power Consumption

- Displayed video content (if practical)

Table 1. Power Supply Range Reporting
Video Content (Pattern 2 pixel 2 pixel checker oard
Used)
Volts
Input Supply W) Current, | (A) Power (W)*
High 5.5 0.5 2.75 Pranhigh = Vhigh Jnigh
Panel Exact Value 5.0 0.5 2.5 Poan =V J
Low 4.5 0.5 2.25 Poaniow = Viow Jiow
High 12.5 0.6 1.5 Pinvhigh = Vhigh Jhigh
Inverter *** Exact Vaue 12 0.6 7.2 Pn=VJ
Low 1.5 0.6 6.9 Pinviow = Viow Jiow
High ** 10.25 P= Ppanhigh + Pinvhigh i
Total Power ** Exact Value ** 9.7 P = Ppan + Piny ***
Low ** 9.15 P = Ppaniow + Pinviow ***

*Power =Vx | =VI=VI
**Total Power = Pyispiay + Pinverter™ ** + Pother™ **
***|f used
Note: For additional voltage sources and their associated currents, report their values on the comment sheet.

COMMENTS: None
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402 EFFICIENCIES

The luminous efficacy (“efficiency”) of adisplay istheratio of the light flux
output for the entire display vs. the electrical power input to the display. Thisis often
called the luminous efficiency but is more properly called the luminous efficacy, and
has been used for years in evaluating displays especially that exhibit a quasi-
Lambertian light output like CRTs. (The CIE reserves the term “luminous efficiency”
to mean the ratio of the luminous flux in lumens to the optical power [W] of the
radiation.) However, some FPD technologies do not display a Lambertian-type of luminance distribution. Some
displays produce no information output in certain directions but emit much light in those directions. Some displays
are privacy displays that emit the information in a narrow solid angle along the normal (or other direction), but any
light at larger angles from the normal contains no information. For these reasons some have felt that rating the
display solely on the luminous efficacy is not always a good indicator of the effectiveness of the display in
converting electrical power to light. To answer this need to provide a metric that enables an immediate evaluation
of how much power is spent on producing the luminance the user will see, we offer the frontal luminance
efficiency.

In the reviews of this document, the generation of a new metric, the frontal luminance efficiency, was
disturbing to some. On the other hand, others applauded the metric. It isfelt by the working group that the frontal
luminance efficiency was a better measure of performance vs. price (power) for many applications such as
workstation, computer monitors, laptops, etc. Which metric, luminous efficacy or frontal luminance efficiency, you
use will depend upon your applications, desired comparisons, and specifications. Frontal luminance efficiency isa
much more intuitive metric of what the display could do for certain tasks as viewed from the design viewing
direction (quasi-perpendicular in most cases). To say that a display has aluminous efficacy of 30 Im/W says
nothing about how the display will look for your investment of power unless you know the viewing angle
characteristics of the luminance distribution and the area of the display. Even if you do know the luminance
distribution and the screen area, a calculation is required to determine how bright the screen will look to a normal
viewer. But to say that the display has a frontal luminance efficiency of 100 cd/m%W means that this display is
very bright for very little power. For some applications, frontal luminance efficiency iswhat is of interest.

For example, two laptop displays could have the same luminous efficacy, but one might have awide
viewing angle (quasi-Lambertian) and the other might cleverly concentrate all itslight in a narrow cone in the
direction of the viewer. The second laptop display will appear much brighter to the user than the first, and that may
be what isimportant to this application. The metric of interest for such tasks is the luminance obtained for the
electrical power used, not how much light it is pumping out in all directions. Again, all of thisistask dependent.
Let’swork out an example of this—see A224 (Luminance of Lambertian Display & h). Suppose a display with area
A =400 mm~ 300 mm = 0.12 m? has a Lambertian luminous intensity distribution, and that the display has a
luminous efficacy of h = 15 Im/W. The luminous flux obtained for P=3 W isF =hP =45Im. That light is
distributed in 2p steradians, not uniformly, but as from a Lambertian emitter. The flux isF = pLA, so that
L = hP/pA = 119 cd/m2. The frontal luminance efficiency of this display would be e = 40 cd/m?/W (here is where
we need the nit!). Suppose someone cleverly constructed a display so that all its light was uniformly directed to be
confined within a cone having a solid angle of w= 0.5 sr (such a cone would have an apex angle of 46°) centered
about the normal. Given the same efficiency and power, how bright would the display be? The flux is
F" =lw=L"Aw, and L = hP/Aw= 750 cd/m2. The displays have the same luminous efficacy and the same power,

but the display with the narrow-cone output will appear to the eye to be 1.8 times brighter (3/L¢/ L = 1.8, with
L/L = 6.3; see A209, Nonlinear Response of the Eye). The frontal luminance efficiency of the special display
would be e = 250 cd/m*/W.

Luminous efficacy certainly has its place, especially for quasi-Lambertian displays and projection
displays; and is retained in this document (402-2). However, for many technologies used at the present time, a
number of people want to know how bright their display will be for their investment of electrical power. As such,
they are not interested in the light distributed away from the viewing direction.
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402-1 FRONTAL LUMINANCE EFFICIENCY —e

luminance to power ratio, luminance efficiency, power conversion efficiency,
[NOT luminous efficiency, NOT luminous efficacy]

DESCRIPTION: The frontal luminance efficiency is the ratio of the luminance to the driving power of the DUT.
It isasimple calculation based on two other measurements: the electrical power to drive the display and the
luminance of full-screen white. Units: cd/m%W. Symbol: e.

The frontal luminance efficiency is an assessment of adisplay system’s effectiveness of turning supplied
electrical power input into the output luminance under normal viewing conditions. It is not an efficiency, per
se, but it is similar conceptually, something out for something in.

SETUP: Measurements are described in 401-1 (Power Consumption) and 302-1 (Luminance and Color of Full-
Screen White).

PROCEDURE: Procedures found in 401-1 (Power Consumption) and 302-1 (Luminance and Color of Full-Screen
White).

ANALYSIS: The frontal luminance efficiency e is calculated from the measured input power P and the measured
luminance output L,, given by e = L, / P. Requisite measurements are described in 401-1 (Power Consumption)
and 302-1 (Luminance and Color of Full-Screen White).

REPORTING: Report the following on the reporting sheet: Input voltage, input current, input power, output
luminance, and frontal luminance efficiency to no more than three significant figures each.

COMMENTS: The frontal luminance efficiency of the power-light conversion process generally takes into
account all the system losses, giving a single numeric value that can be used as a figure of merit for a display
as a system. Based upon the fact that it givesintuitively useful information on the amount of output
(luminance) derived from an input power, it is perhaps the most useful of all display measurement parameters
for correlating the effectiveness of variations within one display technology or for comparing display
technologies. It also can be avaluable tool for understanding where weaknesses lie in a display system, and
where improvements can be determined. For example, the frontal luminance efficiency of a backlit LCD can
be affected by the efficiency of the inverter driving the backlight. Changing the inverter to one with a higher
efficiency will improve the entire efficiency of the display proportionately.

There are display devices for which frontal luminance efficiency may not be valuable as a figure of merit,
such as paper-like displays or reflective displays. Correlating such displays with those intended to produce
luminance output from electrical power is beyond the scope of this section. However, if we were to conceive of
a comparative metric for reflective displays, we might judge reflective displays on a common ground based on
task conditions. The luminance of the reflective display would have to be judged on the basis of the task
illuminance. For example, consider office conditions: Given that office lighting follows the rule
E = Ey(1 - cosg), where Ep = 250 Ix and q is the angle the normal of the display makes with the horizontal, the
maximum illuminance is Eo = 500 Ix. For office work, the luminance of the reflective display L under
illuminance E is to be adjusted to the luminance Lg it would display under E, o = 500 IX, Lr = L E /E . Then
the frontal luminance efficiency would be e = Lg/P.

Reporting Frontal Luminance Efficiency (FLE) — Sample Data

Pattern Used Full-screen white

Input Supply Voltage, V (V) |Current, J(A)>| Power, P (W) |Equation
Input | Panel Supply 3.32 1.36 4.50 Ppan = VJ

Inverter Supply * 5.18 1,35 7.02 Piny =VJ*

Total Power ** 1n.s P=Pyan+ P *

Output | Luminance, L (cd/m?) |73.4 L
Result |FLE, e (cd/m*/W) 6.37 e=L/P
* |f used.

** Total power issum of powersto the panel electronics, the inverter (if used) and other sources.
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402-2 LUMINOUS EFFICACY —n

DESCRIPTION: We calculate the luminous efficacy of a full-white screen based on measurements of the
luminous flux (302-9) and the power (401-1). Units: Im/W. Symboal. h.
The luminous efficacy can be somewhat misleading when applied to some FPD technologies that don't
provide useful information in all directions.

SETUP: Measurements are described in 401-1 (Power Consumption) and 302-9 (Luminous Flux).
PROCEDURE: Procedures found in 401-1 (Power Consumption) and 302-9 (L uminous Flux).

ANALYSIS: Calculate the luminous efficacy from the input power P measured in 401-1 and the luminous flux F
measured in 302-9: e = F/P.

REPORTING: Report the luminous efficacy to no more than three significant figures. Include the luminous flux
and the power if they are not otherwise reported.

COMMENTS: If the power cannot be measured appropriately and cannot otherwise be adequately secured, then
the luminous efficacy cannot be determined.

Frontal luminance efficiency!l!
Who would be stupid enough
to introduce a new metric?!

=<

FPDM Working Group
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This page was intentionally left blank.

This is not a blank page.

Somebody put "This
@ page..." at the top, so it
o isn't blank after all.
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blank page a blank
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label it some other — ]
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500 MECHANICAL AND PHYSICAL
CHARACTERISTICS

Mechanical and physical characteristics include size of
the display surface, overall dimensions of the display, mounting
specifications, mass (or weight), and strength. At the time of this
writing, the subjects in the grayed areas were not available. They
are anticipated in the next edition.

501 SIZE OF DISPLAY
501-1 SIZE OF VIEWABLE AREA
501-2 ASPECT RATIO
501-3 OVERALL DIMENSIONS
501-4 MOUNTING SPECIFICATIONS AND TOLERANCE
502 STRENGTH
502-1 TORSIONAL STRENGTH
502-2 FRONT OF SCREEN STRENGTH
502-3 IMPACT RESISTANCE
503 MASS (WEIGHT)

o)

READY??!!
\\ Umm... Don't you
think we should
start with a
smaller ball?
—T
=
— N — -
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501 501 SIZE
| 501 SIZE OF DISPLAY I

Before there were fixed pixel displays, CRTs were the dominant
display technology. CRTs have a scanned raster that can vary in position and
size as afunction of electrical and/or magnetic processing of a scanning
electron beam. The number of pixels can also vary as afunction of the rate of
modulation of the electron beam across each scan line. Thus, the variability in
the raster-scanned technology provided a great deal of variability for the size of
araster. Trying to establish a single diagonal value for a CRT raster which
could vary significantly lead to some confusion over what the real diagonal size
of the CRT display actually was. For afixed pixel display, the pixels exist TTTTTTTTTTT T T T
physically on a display substrate and can never vary, in size, position, or
guantity. That makes it possible to establish guidelines to assure that no significant errors in expressing the
diagonal size of fixed pixel displays can ever exist. If the proper guidelines are established and followed, the
diagonal number can be a figure of merit for display size that is meaningful and unambiguous. Potential errors for
diagonal size varying from the real pixel array diagonal are few, such as error in the exact size is due to rounding,
or not addressing all pixels.

There are a number variables that relate to the sizes associated with the measurement of aFPD. We
provide alist here of al the variables used in this section of the document. Many displays made have square pixels.
We provide equations for both square and non-square pixels. We summarize the relationships between these
variables that may be of use in Table 3 in the next section (501-1).

Table of Variables Related to Size

Py, Py, P | Pixel pitch for horizontal, vertical, and for square pixels for which Py = P, = P,
expressed in units of distance per pixel (nm/pixel, mm/pixel, in/pixd, ...)

Ny , Ny Number of pixelsin the horizontal and vertical direction (no units)

$i,S/,S | Pixe spatial frequency for horizontal, vertical, and for square pixels (S= 1/P),
expressed in units of number of pixels per unit distance

(pixels'/mm, pixels/cm, pixeld/in, ...)

D Diagonal measure of the screen, expressed in units of distance (mm, cm, m, in, ...)
H,V Horizontal and vertical measure of the screen displayable area (total area of all
addressable pixels), expressed in units of distance (mm, cm, m, in, ...)
a Aspect ratio a = H/V (no units)
A Area of viewable display surface (A = HV)
a Rectangular area allocated to each pixel (a=Py Py )
CONTENTS:

501 SIZE OF DISPLAY
501-1 SIZE OF VIEWABLE AREA
501-2 ASPECT RATIO
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501 SIZE 501

501-1 SIZE OF VIEWABLE AREA

In the following it is assumed
that we are referring to a fixed
rectangular array of pixels used to
produce information. The size of the
viewable area includes only that part
of the display surface which can be P
seen by the user of the display under P N,
normal operating conditions. Any
pixels behind a bezel are not to be
included. Any border that doesn’t
contain information-producing pixels
is also not included in the viewable
area. Thus, the viewable areais that
group of pixelsthat contribute to the
display of information and can be
controlled. See Fig. 1. For most
displays you will always know the
number of horizontal pixels (or
columns) Ny and the number of
vertical pixels Ny .

< ) Fig. 1. Dimensional measurements of fixed-array display with arbitrary
DAMAGE pixel arrangement (as an example).
TO DISPLAY IS

POSSIBLE

In al that follows reference is made to several measured dimensions. Should you desire to measure any of
these sizes, caution isin order. Using aruler placed over the display may damage the surface of the display.
Further, many inexpensive rulers may not be sufficiently accurate for use, e.g., we have seen some inexpensive
rulers exhibit errors of 1 mm over a 30 mm distance. When aruler is used, there can be a parallax error because
the surface upon which the ruler is placed can be separated from the pixel surface by usually a covering glass or
plastic, and unless the eye is carefully placed along a perpendicular line from the surface over the measurement
point, an error may occur because of the position of the eye. A traveling microscope or equivalent is best suited for
these types of measurements.

PIXEL FORMAT (Ny ~ Ny): Theviewable or displayed surface of a DUT comprises arectangular array of pixels
specified by having a number Ny, of pixelsin the horizontal direction (number of columns) and a number N, of
pixelsin the vertical direction (number of rows or lines). The product of the horizontal and vertical number of
pixels

Nt =Ny~ Ny, [total number of pixels] (@D}
isthe total number of pixels Ny inthe DUT.

HORIZONTAL SIZE, VERTICAL SIZE, AND AREA (H, V, A): The horizontal size H is the distance from
the left-most part of the active pixel on the left side of any line to the right-most part of the active pixel on the right
side of the same line. The product

A=HV. [area) 2
isthe size of the viewable area. See Fig. 1.

PIXEL PITCH AND SPATIAL FREQUENCY (P4 ,Py,P,S4,S/, 9):
The horizontal distance between a point on one pixel to the similar point on the next horizontal pixel isthe
horizontal pixel pitch Py. Similarly, the vertical pitch Py, isthe vertical distance between two similar points on
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adjacent vertical pixels. In Fig. 1, upper right inset showing an arbitrary RGB rectangular subpixel configuration,
the pixel pitch is depicted as being measured from the upper left corner of the green subpixel to the upper left
corner of the adjacent green subpixel. For square pixels

pixel pitch: Ph=Py=P. [for square pixels only] 3

Associated with the pixel pitch isthe spatial frequency of the pixels, often called by units such as “pixels per
centimeter” or “pixels per inch.” The spatial frequency isinversely related to the pitch

spatial frequency: Si=1UPy, S/ =1Py, (49)

S=1/P. [for square pixels only] (4b)
Some use the term “dots per ...” for “pixels per ...” whereas dot most often refers to the subpixel, usage has been
doppy, and you are warned to be cautious in interpreting to what spatial frequency reference is being made when
the term “dot” is used.

Given that the display has Ny horizontal pixels (or columns) and Ny, vertical pixels (rows or lines) we
might be tempted to claim that the size of either the horizontal or the vertical dimension of the display is simply
the product of the number of pixels and the pitch in that direction. Thisis not exactly true, but the error is
generally so small that it can be ignored—for typical desktop or laptop display applications, for example, the
difference will be on the order of 100 rm. The lower two insetsin Fig. 1 show how the actual display horizontal
and vertical dimensions are slightly smaller than the number of pixels times the pixel pitch. If the pixel had a
100 % fill factor then the following equations would be exact. (The pixels shown in Fig. 1 have a 52 % fill factor.)

horizontal, vertical size H @Ny Py, V @NyPy ; [all pixels] (59
H@NyP, Va@NyP. [for square pixels only] (5b)

We will generally treat and write these approximations as exact equalitiesin what follows with the understanding
that, should the error be important, all interested parties will be made aware of the slight difference.

AREA ALLOCATED TO A RECTANGULAR PIXEL (a): The rectangular matrix of pixels has a certain area
associated with the containment of each pixel. The area a alocated to each pixel is simply the product of the
horizontal and vertical pixel pitches

area allocated to pixel: a= PyPy, [all pixels] (6a)
a= P2 [for square pixels only] (6b)

DIAGONAL SIZE: To describe the size of adisplay surface the diagonal size is presently the most common
metric for specifying the viewable size of adisplay. The diagonal measure shall refer to only the part of the display
surface that has visible pixels that can be controlled to display information;

diagonal: D=vH2+V?2. (7

There are severa ways to express or calculate the diagonal depending upon what information is available. Should
the pixel pitch and the number of pixels be the most reliable information, then

D= \/(PHNH)Z + (RNy)?, [all pixels] (8a)
D= PyNj + Ny . [for square pixels only] (8b)

If the pixel spatial frequency are known accurately, we can use

2 2
&N, 6 &N, 0 .
D= [¢c—H+ +¢—Y= | [all pixels] (99)
\/e Sis £5 4
D=+Nj + N /S. [for square pixels only] (9b)

Caution should be exercised in assessing the uncertainty of the spatial frequency or, e.g., “dots per inch” (DPI). In
general industry use, the spatial frequency (DP) is often rounded to whole numbers and therefore may not be
accurately reported.

Werecommend that the diagonal measurement be reported within £0.5 % of its true value (this
includes all measurement error as well as rounding). For example, with displays used in an office or laptop
environment, this recommendation amounts to requiring that the diagonal be expressed to at least the nearest
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501

1.3 mm (0.5 mm) or the nearest 1/10 in (£0.05 in). For calculation purposes a more precise diagonal
measurement may be desired. Note: Although rounding to no coar ser than £0.5 % of the diagonal’ssizeis
recommended, it is always acceptable to express the diagonal to a greater precision. Expressing the diagonal
with a lower precision than 0.5 % is not acceptable. Examples of the worst-case errors are shown in Table 1.

Table 1. Examples of Worst-Case Error

Actual Diagona

Reported Diagonal

Error

306.045..mm (12.049...in)

304.8 mm{12.0 in)

1.245 mm (.049 in)

306.072 mm (12.05 in)

37.34mm (12.1 in)

1.27 mm (.05 in)

In Table 2 we show examples of how the diagona might be expressed and reported.

Table 2. Examples,of Usage
True Diagonal Preferred Acceptable Not Acceptable
13.7931in 13.8in 13.79in 14in
12.0942in 12.1in 12.09in 12in
12.1253in 12.1in 12.13in 12in

ASPECT RATIO: Thisishandled in the next section (501-2). Briefly, the aspect ratio a is the ratio of the

horizontal size to the vertical size:

a=H/V,

and may be useful in calculations. Note, however, sometimes the aspect ratio is not a precisely know quantity but is

often rounded to a convenient ratio of integers, e.g., 4~ 3, 16 9, etc.

What idiot wanted
this stupid thing?!
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Table 3. Summary of useful relationships between size variables.

Some equations are only true for square pixels. See Table 4 for definitions.

Square
Expression Pixels | Ny [Ny [ N7 |H|VIA| Py |Py|P| S| S/ |S|a|D|a Comments
?
A=HV *xx
H = Ny Py * i * Very small error
D * * * *
H = T Sq. px
(N—:)z +1 | Only
aD Sq. px * * |* |Aspect ratio may not be known
H= -p oy duet gi
2.1 only accurately due to rounding.
V =Ny Py * i * Very small error
D * * * *
V=T Sq. px
(N—:)z +1 | Only
V< D Sq. px * * |* | Agpect ratio may not be known
- \/az—+1 Only accurately due to rounding.
a= PH PV * * w3
- Sq. px * *
a=p* Only
a=A/N; * * *
D=vVH2+V?2 o *
. bX * * * *
D =y/Py(NA + N&) Sgnf;
* * * * *
* * * *
D=/N2+N2 /s SghR/X
p- D Sq pX * * * *
NyZ+H,? | Only
a=H/NV *|* *
. bX * * *
a— NH /NV Sgnlpy
Table 4. Variables Related to Size.
Py, Py, P | Pixel pitch for horizontal, vertical, and for square pixels for whichPy =P, = P
Ny, Ny Number of pixelsin the horizontal and vertical direction
$,S/,S | Pixel spatia frequency for horizontal, vertical, and for square pixels (S= 1/P)
D Diagonal measure of the screen, expressed in units of distance
H,V Horizontal and vertical measure of the screen
a Aspect ratioa = H/V
A Area of viewable display surface (A = HV)
a Rectangular area allocated to each pixel (a=Py Py )
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501-2 ASPECT RATIO

This section describes the various methods to calculate and report the aspect ratio of adisplay. Generally
speaking, the aspect ratio is not often considered to be a precise measure of the display, but rather an
approximation of the actual width-to-height ratio in order to indicate the shape of the display surface in asimple
manner. If the display surface is not square, there are two orientations in which the display can be placed. If the
largest side is placed horizontally we refer to this as the landscape orientation. If the largest side is placed
vertically we refer to this as the portrait orientation. Here are the variables used in this subsection:

Py, Py, P Pixel pitch for horizontal, vertical, and for square pixels for which Py =Py =P
Nu, Ny Number of pixelsin the horizontal and vertical direction
D Diagonal measure of the screen
H,V Horizontal and vertical measure of the screen
a Aspect ratio
The aspect ratio is defined as width-to-height ratio of the active viewing area of a screen:
a =H/V.

Note that this refers to the active area of the screen, the part of the
observable screen viewed and addressed to display information.
Although the aspect ratio could be expressed as a decimal number, it
isusualy expressed as aratio such asH:V, eg., 4:3, 16:9, etc, with _

the horizontal aspect given first in the ratio. In fact, the aspect ratiois ~ V a — H / V
often expressed as aratio of small integers. For example, a landscape
display may have a horizontal size of 300 mm and vertical size of
200 mm, then the aspect ratio is

Landscape: a = H/V = 300/200 = 1.5 = 3/2, or expressed as
aratio, 3:2.

If that same display were used in the portrait orientation the aspect
ratio would still be the width-to-height ratio

Portrait: a = H/V = 200/300 = 0.6667 = 2/3, or expressed as aratio, 2:3.

In the above example, the greatest common divisor in for both the numerator and denominator is 100 which yields
asimple integer ratio. However, suppose that instead we had a display with a horizontal size of H =311 mm and a
vertical size of V =203 mm for the active addressable image producing area. The decimal value for the aspect ratio
isthen a = 1.53202.... Thereis no common devisor for these dimensions, but we would still probably see the
display listed as having an aspect ratio of 3:2 for simplification. Thisis why the aspect ratio when expressed as a
ratio of integers cannot be relied on to always exactly specify the actual width-to-height ratio. Avoid ever using the
aspect ratio as an accurate number in formulas and calculations unless you are sure it exactly expresses the ratio of
H/V, in which case it will usually be expressed as a decimal value.

Aspect Ratio Conversion Table: If one is calculating the aspect ratio from the horizontal and vertical
dimensions and a greatest common divisor cannot be obtained to reduce the ratio to a simple integer ratio, the
following table is provided to help determine the closest aspect ratio expressed in integer number ratios where the
integers are not greater than 20. Determine the decimal aspect ratio; then find the closest decimal aspect ratio in
the table; finally, use the ratio of integers for the simplified aspect ratio. Be reasonable using the table: Y ou may
find that quoting a 12:11 aspect ratio (1.0909) is so close to 11:10 (1.1) that you would rather use 11:10; or 17:13
(1.3077) is sufficiently closeto 4:3 (1.3333) that you would more reasonably use 4:3. Most of the time people used
simple ratios where the integers were usually less than 10. The introduction of the 16:9 standard format for HDTV
has complicated the matter, hence all the fractional aspect ratios using integers less than 20 are presented for your
interest and inspection. The table assumes the landscape orientation. If the portrait orientation is used, simply
invert the decimal ratio (1/a), find the appropriate integer ratio in the table, then reverse the ratio for use with the
portrait orientation.
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Aspect-Ratio Conversion Table
Decimal aspect ratios less than 5:1 converted to integer ratios using integer numbers no greater than 20.
Ratios in parentheses are some equivalent aspect ratios sometimes used in industry.

Decimal Integer Decimal Integer Decimal Integer Decimal | Integer
Aspect Aspect Aspect Aspect Aspect Aspect Aspect Aspect
Ratio Ratio Ratio Ratio Ratio Ratio Ratio Ratio

1] 1:1 12727.| 14:11 1.7143.( 12:7 26| 13:5

1.0526.. 20:19 12857..( 9:7 17273..| 19:11 2.6667..| 8:3
1.0556..| 19:18 13| 13:10 175 7:4 27143.| 19:7
1.0588..| 18:17 1.3077.. 17:13 1.7778.. 16:9 275( 11:4
1.0625..| 17:16 13333.| 4:3 (86) 18| 9:5 (18:10) 28| 14:5
1.0667..| 16:15 13571 19:14 18182.| 20:11 2.8333.| 17:6
1.0714..| 15:14 1.3636..| 15:11 1.8333.[ 11:6 28571.| 20:7
1.0769..| 14:13 1375| 11:8 18571.( 13:7 3] 3:1
1.0833..| 13:12 1.3846.. 18:13 1875 15:8 3.1667..| 19:6
1.0909..| 12:11 14| 7:5 (14:10) 1.8889.. 17:9 (34:18) 32| 16:5

11| 11:10 14167..| 17:12 19| 19:10(9.5:5) 3.25( 13:4

11111.| 10:9 1.4286.. 10:7 2 2:1(20:10) | 3.3333.| 10:3
11176..| 19:17 14444 | 13:9 (26:18) 21111 19:9 34| 17:5
1.1333.| 17:15 14545 16:11 2125 17:8 35| 7:2
1.1429..| 8:7 1.4615..( 19:13 21429..| 15:7 36| 18:5
1.1538..| 15:13 15| 3:2 (6:4) 2.1667..| 13:6 3.6667.. 11:3
1.1667..| 7:6 15385..| 20:13 22| 11:5 375 15:4
1.1765..| 20: 17 15455 17:11 22222 20:9 38| 19:5
11818 13:11 1.5556.. 14:9 (28:18) 225 9:4 4( 4:1
1.1875..| 19:16 15714 11:7 2.2857..| 16:7 425( 17:4

12| 6:5 (1210 15833.| 19:12 23333.| 7:3 4.3333..|] 13:3

12143.| 17:14 16| 8:5 (16:10) 2375 19:8 45| 9:2
12222 11:9 (22:18) 1625| 13:8 24286..| 17:7 4.6667..| 14:3
1.2308..| 16:13 16364..| 18:11 24| 12:5 475 19:4

125 5:4 (10:8) 1.6667..[ 5:3 25| 5:2 5 5:1

1.2667..| 19:15 17| 17:10(8.5:5) 25714.| 18:7

Depending upon the quantities one has available to perform the aspect ratio

calculation, here are avariety of formulae to calculate the decimal aspect ratio:

a =H/V=N,/N, .SeeTable 3 of the last section (501-1) for a complete tabulation of
useful relationships between variables.

Non-square pixels

H
a=-—-=
\Y
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502 STRENGTH

It is important to note that these
procedures stress the structure or surface S »'
of the display and could irreparably , o
damage the display surface or its TDOADl\IASé ?A% |
electronic substructure. POSSIBLE

CONTENTS: 6 H
502 STRENGTH

502-1 TORSIONAL STRENGTH
502-2 FRONT OF SCREEN STRENGTH

502-1 TORSIONAL STRENGTH

(mechanical deflection, flexing, bending)

DESCRIPTION: We measure the torsional strength of the DUT.

Torsiona strength of the display or monitor refers to its abilities to withstand uneven forces or loads, such
aswhen it is secured in one or more places and flexed in another. Thisis a proof test (not a characterization)
of the strength of the display to seeif it survivesin terms of the deflection or load when a prescribed load is
applied. Although proof of the display’s survival may be in terms of magnitude of displacement, thisisnot a
force or displacement test, or atest of rigidity or flexibility. In other words, we don’t deliberately stress the
display to its breaking or damage point in order to find the limits of the strength, and we don’t attempt to
measure the deflection distance as a function of applied force. Thisis a pass-fail test.

With three corners of the DUT held fixed aforce F is applied to the free corner until it reaches the full
specified force F.. Under such aforce, the free corner of the display will experience a displacement p that
should be not more than the specified maximum displacement p.. The display meets the required torsional
strength if it can withstand the full force for a specified time t, and show a displacement of no more than p.

SETUP: The display assembly should be rigidly braced at any three corners and subjected to aforce applied at the
fourth. The contact area of the clamping fixture should be no more that 5 % of the horizontal (H) and vertical

(V) size of the active area. That is, all contact regions should be £5 % of any linear dimension of the active

area of the screen. The test may be performed with the display either in an operating or non-operating mode as

needed.

Load Parameters:

1. Operatingload: (Optional) For an operating display, the force F| = F; isto be determined as per
agreement between display integrator and manufacturer; this specification is an option.

2. Non-operating load: For an non-operating display, the force F| = F; isto be determined as per
agreement between display integrator and manufacturer.

3. Direction of load: Perpendicular to the plane of the panel and in both directions.

4. Test cycles: The force test will be applied n timesin each direction for each corner of the display
(m=2" 4" ncyclestotal for operational and non-operational tests—two sides, four corners, n
applications of force).

5. Dynamics: Constant force for at, =5 s minimum duration.

6. Clamping Force: (Optional) If the DUT is mounted in a bezel then it may be necessary to specify a
clamping force F, when attempting to measure the deflection p of the forced corner, since some of the
deflection will arise from the compression of the bezel. If the DUT does not have a protective bezel and
you can attach the brace to a solid circuit board (or equivalent), then this force need not be specified.
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The force may be expressed in N (newtons, generally not often used), kilogram-force (the force of gravity on a
mass of one kilogram, ugh! Sl iswrithing in pain!), or whichever unit is mutually agreed upon by all

interested parties.

Panel Reaction to the Applied Force: Full rated load is attained and the corner of the display is flexed not

more than the specified maximum deflection distance p. while the full rated load is applied. Prepare to

measure the applied force F and the resulting deflection of the screen p.

1. Withstand: Each tested corner of the display is able to withstand the full-load force F_ for n timesin each
direction for aduration of t, each time.

2. Deflection: Under the application of the full-load force each tested corner must deflect in the direction of
the force by no more than the maximum deflection distance p, .

PROCEDURE: Clamp the DUT rigidly at three corners. Note the original position of the corner z, without aforce
applied. Gradually apply aforce to the free corner until the full-load force F is attained. Hold that force for a
duration time of t_, measure the new position of the corner z, and calcul ate the deflection p = z— z, from the
corner’ s position before the force is applied. Then gradually release the force. Repeat application and removal
of the force n times. Repeat the procedure for the opposite direction of application of the force. Repeat this
procedure for each corner of the DUT.

ANALYSIS: Calculation of deflection during the course of the measurement: p = z— z,. Determine the maximum
deflection pna for each corner for both directions and all applications of the force.

REPORTING: Report al
measurement conditions and
results.

COMMENTS: The parameters of
this measurement are to be
determined by al interested
parties (display integrator and
manufacturer).

CAUTION: Thiscan be
destructive test. It may
permanently alter or destroy the
display. Breakage of the display
can potentially result in exposing

Reporting — Sample Data

Parameter Szeof Units
parameter
Full-load force, F, 6 kg- orce
Operating or non-operating on<0p. —hone —
Number of applications, n 5 —hone —
Duration of application, t, 5 s
Deflection maximum, p, 7 mm
Upper | Upper | Lower | Lower
Corner Left | Right | Left | Right
Maximum deflection P 4 6 5 3
Strength verified all corners: es es es es

materials that may be hazardous to health.

154 .4}

Parameters Values Mutually Agreed to By All Interested Parties

Variable List for Torsional Strength

F Force applied perpendicularly to the display’ corner
F Full-load force to be applied to one corner at atime
FL=F Force on corner while display is operating (optional)
FL=F, Force on corner white display is not operating
tL Minimum duration of full-load application F_
n Number of timesforce is applied in each direction
m Total number of applicationsof F,, m=2" 4" n
pL Maximum deflection specified for application of F_
Prnax Maximum measured deflection for each corner
p Deflection for application of F|
Z Starting position of corner before forceis applied
z Final position of corner during the application of F_
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502-2 FRONT-OF-SCREEN STRENGTH
(point load)

NOTE: Thisis potentially a destructive test. It may permanently alter or destroy the display.

DESCRIPTION: We measure the front of screen strength by applying a specified force
to the center of the screen with a simulated finger to determine if the display suffers

any damage. DAMAGE

TO DISPLAY
SETUP: Unless otherwise specified, the DUT should be rigidly braced at the four corners POSSIBLE

with each support covering not more that 5 % of the horizontal H and vertical V

dimensions of the DUT. The displayed pattern should be static and have a video content the produces the

greatest sensitivity to the applied force at the center of the screen. The force should be applied at the center of

the screen within £3 % of the screen diagonal .

Load Parameters:

1. Loading finger contact surface area: a =10 mm £1 mm diameter

2. Loading finger contact material: Elastomer of Shore 60A + 10 durometer

3. Applied force: Thefull-load force F. applied to the center of the screen with the simulated finger.

Applied gradually to reach F_ within no shorter than 0.5 s and no longer than 10 s, held for t,, then

released within no shorter than 0.5 s and no longer than 10 s.

Angle of application: Perpendicular to the face of the display

Probetip geometry: Hemispherical

Applied pressure duration: Thetime interval t_ over which the DUT is subjected to full load force F.

7. Dynamics: Single application of constant force F_ for duration t, .

Display Reaction to the Applied Force: The type of damage or degradation that is unacceptable isto be

determined between display integrator and manufacturer—all interested parties. Examples of types of damage

would be physical breakage, discoloration of any image, or any permanent remnants of the force having been
applied.

1. Acceptable Performance: Specification of performance after the force has been removed and after the
recovery time period has passed. Damage or degradation tolerance of any displayed image due to front of
panel displacement under pressure must be specified under agreement by interested parties.

2. Recovery Time: Recovery time tr after the forceisremoved for the display to return to an acceptable

o 0 A~

performance. -
PROCEDURE: Apply the force F, to Reporting — Samp';;gitfa
the center of the screen for a Parameter Units
period t, and then remove it (see parameter
above ificati in Set Full-load force, F. 6 kg- orce
specifications in Setup). - ——
Wait for the recovery time t to Duration of application, t, 3 $
elapse and inspect the screen for ~ |_ReECOvery time specifiedidg 10 $
acceptability. Center strength criterion met? es
ANALYSIS: None, other than observation of the screen after the force is removed.
REPORTING: Report all characteristics of the test and the display.
COMMENTS: CAUTION: This can be Variable List for Front-of-Screen Strength
destructive test. It may permanently alter Parameters Values Mutually Agreed to
or destroy the display. Breakage of the By All Interested Parties
display can potentially result in exposing F Full-load force applied to center screen
materials that may be hazardous to health. | Minimum duration of full-load application F,
tr Minimum recovery time after application of F_
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A100 METROLOGY A

APPENDIX

The appendix is divided into five sections:

A100 METROLOGY
A full discussion of problems and diagnostics on making measurements plus other useful tidbits.

A200 TECHNICAL DISCUSSIONS
Material to assist you with gaining familiarity with some of the units of colorimetry and other topics of
interest.

A300 GLOSSARY, DEFINITIONS, ETC.
Alphabetized listing including variables. At the end is atabular list of variables.

APPENDIX §

A400 REFERENCES
A500 TABLESAND FORMULAS

Some of the important or useful tables and formulas found in the body of this document are repeated here for
your immediate reference.

_,/'—_\

w METROLOGY
IS more an

s attitude than

% procedures...

an attitude of
skepticism.

(Even cynicism!) \
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A100 METROLOGY

Good metrology is one of the main concerns of this document. Good
metrology requires attention to detail and involves acritical regard for all your
measurement efforts. We attempt to alert you to some of the problems that can
occur in making measurements, e.g., many are not familiar with the serious
potential for corruption of the measurement from lens flare or veiling glare
(A101). Another feature of this section is an attempt to provide some
diagnostics to help determine if your measurement apparatus is working
properly as you expect it should. We hope you find it useful.

(‘/\——1 T T O,
They say that a bunch of I heard that there was a
nerd engineers put this physicist or two in the
standard together. working group!

G283 sa
— v
iJ
—‘ . )
NO! Not that! Next you'll Well ... yes, but it's even
be telling me there was a worse than that... there
mathematician too! were some...
METROLOGISTS!
—
r B That explains why

it is so heavy!

el
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A101 VEILING GLARE AND LENS FLARE ERRORS

The accuracy of any luminance or color measurement can be compromised by light reflected within the
lens (between the glass surfaces), dirt or dust aong the light-ray paths that scatters light, and reflections off of
stops, theiris, the sides of the lenses and any other part of the lens system. The effect of this stray light is called
veiling glare or lens flare. Often lens flare refers to the bright reflections found in the image plane which are very
distinct and arise primarily because of reflections back and forth on the lenses surfaces (as when a camera points in
the direction of the sun and bright multicolored reflections are observed). Veiling glare often refers to the stray
light that floods the entire image area and is not as noticeable because of its quasi-uniformity. Veiling glareis
particularly observable when attempting to measure dark areas on the screen when bright areas are also present on
the screen. Even our eyes, although having extraordinary capabilities, can also have glare problems such as when
the bright lights of an on-coming automobile causes an obscuration of the road, or when looking at a sunset we
have difficulty seeing shadow details. (By the way, if you are wearing glasses, you will want to remove them before
attempting to appreciate any high contrast object—they can introduce quite a bit of glare.) The effects of veiling
glare are not limited to measurements of black with white in the vicinity. Errors can also be introduced in
measuring bright areas and colors. The amount of veiling glare is very dependent upon the lens system used.
Errors as high as afew percent in measurements of white have been observed depending upon conditions. Because
of glare, serious errors of hundreds of percent can be introduced into black measurements when white is present on
the screen.

There are two regimes that are of interest: Large-area measurements and small-area measurements.
Making accurate large-area measurements of luminance is straightforward when a proper mask is employed.
Making accurate small-area measurements of dark areas when bright areas are present can be very challenging.
We first discuss the large area contrast measurement, then provide some pointers on how one can deal with small-
area measurements. Often we speak of contrast as a metric of interest. There may be metrics that offer a better
rendering of the visual perception of the contrast than the contrast ratio. Contrast is not the only metric affected by
glare either. All measurements can be corrupted by glare, but glare is particularly damaging to measurements of
black.

A101-1 Avoiding Glare in Large Area Measurements
The simplest way to avoid veiling glare is to mask off the region being measured so that most of the light

exposed to the lens system is the light being measured. Figure 1 shows a
rectangular mask (cut away to show the screen) which is 10 % larger
than the round area measured by the LMD. However, there are cautions Mask (cut back
in using masks. We don’t want the mask to affect the display being to show screen)
measured. That is, we don’t want the mask to reflect light back onto the
display so the measurement is affected by the reflections from the mask.
A variety of flat, rectangular masks have been used such as black paper,
black gloss plastic, black matte plastic (preferred over black gloss
plastic for aflat mask used near the screen), black flocked paper (has Mask '\AﬂeaStheﬂlggg
something like a thin black velvet coating), and black felt. If the display Aperture perture
surface is rugged enough to accommodate it, even black masking tape
has been used. However, the flat masks are effective especially when
they can be placed very near or on the pixel surface. When they must be

displaced from the pixel surface, the flat mask can reflect light back Fig. 1. Mask 10% larger than
onto the display surface that can corrupt the measurement. A measurement aperture reduces effects of
displacement of the flat mask from the surface may arise either by a veiling glare.

covering glass on the display surface, the measurement system

restrictions, or the delicate nature of a prototype display that will not tolerate the mask touching its surface. If aflat
mask must be used, black felt fabric is often the best material to use. There a'so may be another problem in using
flat masks directly on the screen: The cooling properties of the screen may be affected, the screen may get warmer,
and its properties may be affected accordingly. To get around some of these problems a method of using a cone
mask is presented below. But firgt, it isinstructive to examine a diagnostic.
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A. Black Glossy Cone Masks

A gloss-black cone mask (see construction specifications below) can also be used to restrict much of the
unwanted light from entering the LMD, see Figs. 2, 3, and 4. To avoid light from the rest of the display being
reflected onto the viewing area and to avoid the light from other parts of the screen reflecting off the interior of the
cone and into the lens, the apex angle of the cone should be 90° (45° each side of the optical axis of the LMD and
the symmetry axis of the cone). So that the edge surface of the cone will not obscure any of the measured area
(producing a vignette), the cone must be placed close enough to the display surface so that the inequality shown in
Fig. 2issatisfied: z <z, =d(s- u)/ (w- u), where zis the distance of the edge of the aperture of the cone from

the display surface, u is the size of the display surface measured by the LMD, w s the width of the LMD lens
aperture (entrance pupil), d is the distance the LMD lensis from the display surface, and sisthe size of the
aperture of the cone. In practice, zwill be usually less that the limit expressed by the inequality so that the cone
will not inadvertently obscure any of the area viewed. This requirement on z arises from insisting that all light rays
from the region viewed by the LMD can enter the LMD. As much as possible, al bright areas on the display
should be outside of the region denoted by p in Fig. 2, wherep = [z(s+w)/(d - 2)] +s.

The outer diameter of the cone should be sufficient to prevent light from the edges of the screen from
entering the lens of the LMD. In the case of large displays where it would be impractical to make a single cone
with sufficient outer diameter, try a second cone or flat mask where the hole is larger than the diameter of the lens
of the LMD. The second mask is nearer the LMD and obscures the large area of the display but permits a clear
view of the cone placed nearer the display through which the measurement is made. Whatever you do, think in
terms of how reflections can corrupt the measurement.

The edge of the cone nearest the FOV is not ever perfect, so some light can scatter from the edge into the
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Fig. 2. Use of gloss-black cone mask to shield the lens of the LMD from bright parts of the display surface.
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ADOTOLLIN

LMD. Additionally, diffraction can contribute to the stray light especially when the cone aperture diameters get
very small, a situation in which the edge scattering is also relatively great. Cones have been successfully used with
apertures down to 5 mm.

Diagnostic for Cone Mask Effectiveness: The following is a diagnostic for testing how well the cone
masks eliminate glare. What this amounts to is a more detailed investigation of the use of the cone, and can be
ignored unless you are particularly interested: The success of the addition of the cone to improving the
measurement of contrast can be tested by viewing a gloss-black disk placed on a glass plate at the exit port of a
uniform light source having the same maximum luminance as the display L, @L,, (=20 %); we will call this the

cone test target (CTT) — see Fig. 3. The disk should have a diameter of approximately p (-0 %, +20 %). A
comparison of the luminance measurement of the disk with and without the cone present will provide an indication
of the effects of lensflare. (Thisis similar to the CIE diagnostic mentioned below.) To better understand the effects
of the cone on the measurement, perform the following procedure: The CTT is brought up to just touch the edge of
the cone, and the luminance L is measured as a function of distance of the CTT from the edge of the cone, that is,
obtain L(2) for the target disk without changing the distance between the LMD and the cone. This will provide you
with a better understanding of the use of the cone. The amount of luminance measured when the coneis at the
selected position z, from the disk provides an upper bound on the minimum Iuminance that the LMD can measure

with this cone arrangement when it is necessary to measure the luminance of dark areas while bright areas exist on
the display surface. This measurement also permits an estimation of alimiting contrast ratio C;; ,, that the system

can attempt to measure when light and dark areas coexist on the display surface in proximity such as white areas
within a distance p/2 of the black measurement areau: C;,;, @,/ L(Zy )-

B. Diagnostic for LMD Glare Corruption Determinations

Figure 1 aso suggests a method of checking how much glare affects your measurement: Use a gloss-black
cone mask near the screen (or a flat matte-black mask placed on a screen provided your screen will permit such
handling) that has an aperture (FOV) which is 10 % larger than the diameter of the area measured by the LMD (if
10 % is difficult to use, try 20 %; the increased size of the mask aperture makesit alittle easier to get the
measurement aperture within the mask aperture). Measure the luminance of awhite full screen with L, and
without L,, the mask. Provided the area measured is accurately indicated by the viewfinder and that measured area
is placed as well as possible at the center of the aperture of the mask, the quantity (L., - L)/Ln, expressed in percent
is one measure of the glare problems of the LMD for that application. Here L, is the luminance of the white screen
without the mask, and L, is the luminance of the white screen with the mask in place. In general, the size of the
screen should be at least ten times the size of the measurement aperture FOV, if at all possible. If you wanted to
make a reproducible measurement of the glare of a system, limit the size of the screen exposing the LMD without

UNIFORM GLOSS

RNy TARGET
test . DISK

Z sel—>
Fig. 3. Method to estimate significance of stray light as a function of position from target disk.
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the aperture mask by another large-diameter mask which has around hole having a diameter of exactly ten
measurement aperture widths (10" FOV).

To readily see how black measurements can be contaminated, the CIE specifies a somewhat similar
measurement to characterize the glare: They call for a uniform light source (such as the exit port of an integrating
sphere) with a diameter ten times the measurement aperture. [6] A black glosslight trap (see A113) with a
diameter 10 % larger than the measurement aperture is placed at the center of the light source in such away that it
doesn’t change the luminance of the source. A flat piece of black opaque material will often do adequately if the
reflections from the lab and the LMD do not affect the luminance of the black material. The luminance of the
uniform source is measured with the trap L and without the trap Ly in place. The glareis defined as L; /L and can
be expressed in percent. The differences between the two glare diagnostic methods are that in the first method the
luminance levels measured and compared are all approximately the same level; whereas with the CIE method the
amount of glare is measured directly, and it assumes that the LMD is adequate for the much smaller luminance
measurement. Conversely, our method prescribed above is only useful for LMDs that have sufficient precision so
that the difference L, - L, is meaningful.

: d,;=2r,
C. Cone Construction = =
A cone can easily be constructed from thin black vinyl plastic with a gloss Ab
surface on each side, see Fig. 4. Good results can be obtained with vinyl plastic /
0.25 mm (0.010 in) thick (it’s easy to cut with scissors or a knife). Given the size \j f

of the aperture d; = 2ry, the outer diameter of the cone d, = 2r,, and the apex angle

b related to its complementary anglef by f + b/2 = p/2; we want to know how to /
cut the proper shape from aflat sheet of plastic. We need the inner flat radius Ry, e _ >|
the outer flat radius R,, and the flat-angle subtended g. We can express severa d2=2r,
relationships: The length of the side can be expressed in terms of the flat radii SIDE VIEW

w = R, — Ry, which can also be expressed in terms of the assembled radii

weos = r, —r;. The circumferences can be expressed in terms of both types of
radii: C; = 2pr; = Rygand C, = 2pr, = Ryg. The simplest expressions for Ry, Ry,
and q are;

n r
= , RR=—2-, q=2pcosf;
R st 27 cost

andforf = 45°, cosf =1/\/§, \
Rlz\/§r1. Rzz\/zrzg qu\/§|

with assembled cone radii r; and r, specified. When cutting the sheet, use scissors N~
or aknife to assure that the edges are also at 45° to the display surface when the FRONT VIEW
coneis assembled.

The straight ends of the cutout piece are butted together to make the cone.
There are several ways to secure the edges together. One way is to clamp the
butted edges together flat on atable (with the clamp holding the edges together at
the middle of the straight edges) Place a small amount of quick-hardening epoxy
over the exposed butted edges to hold them together. After it hardens, remove the
clamp and epoxy a narrow piece of the plastic along the butted edges on the inside
of the cone to seal any light leaks from small gaps. The clamp may be useful to
hold the strip in place until the epoxy is secure. Be careful not to epoxy the cone to
the table (you can use a non-stick surface like polyethylene or
polytetrafluoroethylene [PTFE]). It may take alittle compression of the cone
(bending or squishing it) in order to provide acircular hole. A series of cones can
be made that are small, with d; from 5 mm to 20 mm or more and d, CUT FROM
approximately 60 mm. These will fit in alarger cone with d; of 50 mm and d, as FLAT SHEET
large as needed to obscure light from the display onto the LMD lens or aperture.
You can use asmall piece of black tape on the inside of the larger cone to secure
the smaller cone within the larger.

Fig. 4. Cone construction
parameters.
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D. Correcting for Glare with a Replica Mask
DANGER: SOME DISPLAY SURFACES CANNOT BE TOUCHED. BE CAREFUL! BE SURE YOU CAN TOUCH
THE SCREEN BEFORE PLACING ANYTHING ON THE SCREEN SURFACE. See part (2) for obtaining a
correction for use with a delicate (untouchable) surface.

(1) Rugged Display Surface: Should an aperture mask not be convenient to use, it is possible to
approximately correct for the glare by making a black-opague mask that is the same size as the area of black
intended to be measured—a replica mask—such as a black rectangle in a checkerboard pattern. See Fig. 5.
Provided that the room and LMD are not highly reflecting, a gloss-black material is best, but in most cases the
kind of black material used is not an issue for these large area replica mask measurements. In principle, this
method is the similar to the method described directly below (A101-2). Let Ly be the luminance of the black-
opague mask when covering the black region to be measured. This Ly is the luminance of the veiling glare
contamination. Let Ly be the luminance of the black (dark) region without the mask, and L;, be the luminance of
the surrounding white (high). The corrected white measurement is Ly, = Ly - Lg (which will usually be a small
correction) and for black, L, = Ly - Lgy. An approximate measure of the true contrast of white to black is
Ci=Lu/lo=(Ln- Lg)/(Lg- Lg). Thisis not necessarily avery precise way to measure the true black value since
the localized glare in the region of the covering mask is usually not uniform across the mask. The cone aperture
mask is a much better way to make a high-contrast large-area measurement when it can be used.

(2) Delicate Display Surface: If the display surface is delicate so that you cannot touch the surface, much
less secure a small target on the screen; you might try to place a piece of glass afew millimeters in front of the
display but not touching the display. Then secure the replica mask on the glass. The glass should be large enough
to cover the regions being measured. Watch out for reflections off the glass surface. The problem might be that you
will not be able to focus well on both the replica mask and the pixel screen if you are using an array detector. If you
don’'t dare to use anything near the screen for fear of harming
the surface, you can try to make a substitute display and T
obtain a correction to the black measurement performed on POSSIBLE
the DUT. In thiscase it is helpful to have alight source (such
as a backlight or other source having approximately the same
area as the display to be measured) to which a black pattern
of the same size as that to be measured is secured—the entire
black pattern on the DUT. Let the white source luminance
surrounding the mask parts be Ls and the luminance of the
center of the black mask is Lg. The correction to be made on a
black measurement Ly of the same black pattern surrounded
by white L, on adisplay surfaceis Ly, = Lq — Ln Lg/Ls, Where
L, isthe corrected black luminance. If the correction Ly Ly/Ls
isafew percent of Ly, then it is reasonable to make a

correction to any white luminance as well:
Lw = Ln(1- Lg/Ls). Fig. 5. A checkerboard pattern is measured

using a replica mask. The black pixel rectangle
to be measured is above and to the left. The
replica mask of the same size is the rectangle
beneath and to the right of center.

162 APPENDIX — page 162



A100 METROLOGY @ A100

A101-2 Accounting for Glare in Small-Area Measurements

DANGER: SOME DISPLAY SURFACES CANNOT BE TOUCHED WITHOUT SERIOUS DAMAGE.
s BE CAREFUL! BE SURE YOU MAY TOUCH THE SCREEN BEFORE PLACING ANYTHING ON
THE SCREEN SURFACE.

For measuring small areas on the screen it is not possible to employ a cone mask as described above for
two main reasons:. (1) The imperfect edge of the mask reflects too much light into the lens and back onto the screen
(the ratio of the circumference to the area of acircle, 2/r, gets larger as the radius gets smaller), and (2) for very
small holes diffraction can be sufficient to corrupt the measurement. Not only luminance measurements can be
affected by these problems. If there are multiple colors on the screen, then they can be similarly mixed to some
extent by glare and reflections. This can affect the accurate measurements of chromaticity.

Keep in mind that glare generated within the optical system is not the only source of corruption of black
(and white for that matter). Moderate magnifications are often needed for measuring, at the pixel level, individual
black characters or lines on an otherwise white screen. Such optical systems often require alens and holder in close
proximity to the area of the display being measured. In such cases there is arisk that the instrumentation can
reflect light from the white areas of the screen back onto the screen thereby especially corrupting the black
measurements.

A. Replica Masks and Diagnostics
Figure 6 illustrates the concept of an opague

black replica mask and afilter replica mask for a
diagnostic tool. The exploded area shows the pixel detail
of the rectangular area containing three squares. It could L w
be a high-magnification image obtained from a CCD
array LMD: The bottom center squareisa4 4 pixel area / \] |_f
where the pixels are black—this is what we want to M
measure accurately The top left square is a piece of black
mask material cut to the same size asthe 4" 4 pixe LH
area—areplica of the black area on the screen. The top

Sy Sh S

right square is also a replica mask the same size as the
4 4 pixel area, but it is made from a clear neutral-density T T i T
(gray) filter material having a density of 1.0 or greater
(transmission of 1 % or less) and is placed over awhite D ‘ Ejj i
area of the screen. We measure the white pixel area S, il i
and the centers of each square: S, for the opague mask, S
for the filter, and §; for the black (dark) pixels. If
possible, try to measure increments of full pixels. When
using an array detector, experience seems to favor having D S d
a sufficient magnification so that 20 or more detector
pixels span the minimum size of the black area, in this iiifiiiiti
case the width of a4 4 pixel square. The presence of the  Fig. 6. Use of plastic filter material to serve asa

filter serves a check, a diagnostic. If you cannot diagnostic to determine if replica mask techniqueis
measure the attenuation of afilter properly, then your working properly.

measurement using the mask will be in question.

Admittedly, it sometimesis not easy to cut either the opaque mask material or the plastic filter material to
the same size as the pixel area being measured, particularly if the areais small. However, every attempt should be
made to cut the replica masks and filters to within 10 % of the smallest linear dimension of the black pixel area.
The idea behind the replica mask is that whatever light is measured in the replica mask is due to glare from the
imaging system—the replica mask should, ideally, be absolutely black, and is not because of glare. Since the size
and shape of the replica mask is the same as the black-pixel area being measured, then it would seem reasonable
to expect that the glare measured in the replica mask is the same as the glare added to the black pixel area. It
should be remembered that the replica mask (and filter) should be separated a distance from the black area so that
they don't interfere significantly with each other by changing the glare characteristics of the imaging system. How

e e e

APPENDIX — page 163 163



A100 @ A100 METROLOGY

far they should be separated is hard to say, but they should be separated at least by two full widths of the minimum
size of the black region to be measured.

The material used for the replica mask can be important. Gloss-black plastic works well provided that the
glossy surface is not reflecting any light from surrounding objects into the lens. Since the filter also has a glossy
surface, reflections must be controlled as much as possible. Any unwanted reflection off of these glossy surfaces are
usualy not readily visible to the eye, but they will show up in an inaccurate measurement of the transmission of the
filter replicamask. Thereis a problem with using plastic filter material. Most such materials have a non-trivial
temper atur e coefficient. Thus, the filter material must be calibrated for the temperature conditions of the screen.
To solve this problem, use a large piece of filter material placed on the screen that can be measured withaLMD
and a cone mask (shown above the inset areain Fig. 6). After the filter material has warmed up to the display
surface temperature, measure the luminance of the filter L;. Then measure the luminance of the screen on each
side of the filter and average those results L, . The transmission of the filter material isthen T = L¢/L,,. When you
measure the transmission of the filter material used for the small areareplicamask T = (S - S)/(S,- ) and you
obtain avalue closeto T (within 5 % is good), then you can feel confident of your technique, and proceed with the
glare correction of black. The black level isdetermined by S, = S;- §. Thewhitelevel isS, = S,- §. And the
contrast isC = §,/S,. This corrected contrast should be significantly larger than the uncorrected contrast S/S;. To
obtain luminance values for the black and white measurements, the LMD must be calibrated for luminance
measurements—see A111 Array Detector Measurements.

B. Line Replica Mask on Rugged Surfaces

The methods for correcting for veiling glare discussed here are only approximations to attempt to account
for the effects of glare. It certainly provides a better measurement than would be obtained without any correction at
all. In the previous section we handled the general case. Here we will assume we are trying to measure the
luminance of single pixel line. In Fig. 7 we simulate a high magnification image of a black line on awhite
background where the individual pixels are resolved. In this hypothetical situation, let’s assume that we can put a
line replica mask directly on the pixel surface. A black opague mask of width equal to the pixel pitch is placed over
a column of pixels no closer than three columns away. An integral number of rows of pixels are scanned either by a
scanning device or an array LMD to produce aluminance profile. Then the luminance profile undergoes a window
average (moving-window average filter, see A218) where the averaging window is the same width as the pixel
pitch in the luminance profile. The resulting averaged profile has an average value associated with the white pixels
S., an average valley level associated with the black line S, and the level of the veiling glare S, associated with the
black-opague mask. The corrected white is S, = S, - &, and the corrected black is S, = § - §;. Then, for example,
the contrast ratio can be better estimated by C = S,/ §,. One problem with this method is that we cannot always
get the mask close enough to the pixel surface so that the mask and the pixels are both in focus in our array LMD.
This happens when there is athick covering over the pixel surface. The other problem is that the surface of the
display may be delicate so that we cannot touch it with anything, even our little mask—we handle that in the next
section.

If possible it is useful to check your results by providing afilter material the same size as the opaque mask
and use the method outlined in the previous section to measure the transmission. However, this will usually be
difficult or impossible to do because of the small size of the pixel, which can be smaller than the thickness of the
filter material used. Y ou can attempt to get some idea by cutting a dliver of filter material with avery narrow angle
using a scissors. At some place along the dliver the thickness might be the same as the pixel pitch. Try to arrange
for sufficient magnification that 20 detector pixels or more are used across the width of the line.
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C. Delicate Untouchable Screens
We want to attempt to simulate the situation in Fig. 7 as best we can. We measure the black corruption in
the line replica mask and apply that correction to the black area on the DUT. One way to approximately do thisis
to create an illuminated surface, a simulated screen, that is the roughly the same size as the screen we are trying to
measure. This simulated screen can be made in several ways. It can be arugged |aptop display approximately the
same size as the DUT, it may be a piece of glass placed in front of but not touching the screen, a CRT, a backlight
by itself, alarge box with an illuminated white interior and a rectangle cut in its side the size of the DUT surface,
and so forth. The surface should be relatively uniform to the eye. Exactly how big the simulated screen has to be
depends upon the apparatus used. Certainly, if the simulated screen is the same size (within £10 % or so0) as the
screen to be measured, there will likely be no size problem. On the other hand, if the apparatus is essentially not
affected by light beyond 20° from its optical axis, then the simulated screen need only subtend a cone with a 40°
apex angle. Once the simulated screen is made, place a line replica mask on that surface that has the width of the
pixel pitch. In practice, the replica mask should be -0 % to +10 % of the pixel pitch. The line replica mask may be
made from black hair, horse hair (if the hair is not black, use a black marker to darken it sufficiently), fine striping
tape, black nylon sewing thread, strand of wire or thin pencil lead blackened with a black marker, or a mask
carefully cut from black gloss plastic or other black material. Sometimes a very narrow triangularly shaped dliver
of material can be cut from plastic using scissors and will work as an approximation to the line if you measure
where its thickness is approximately the pixel pitch. A glossy black surface is preferred, if possible, to reduce the
effects of diffuse reflections from the environment although specular reflections can be a also be a problem. An
acceptable mask material will have to be determined for each apparatus and configuration. Clearly, aline replica
mask will be easier to create to simulate a line than a character-shaped replica mask to simulate a character. The
scanning or array LMD then measures the across the ideal black line on the white surface obtaining a white level
S of the simulated screen and a black level S;that is essentially the veiling glare corruption. Then the DUT can be
measured similarly obtaining awhite level S, that is the average of the white area and a measurement of the black
area §;. The equivalent correction for the veiling glare adjusted for the actual screen luminance is §, §/S.. The
corrected whiteis S, = S, (1 - §/S), and the corrected black is S, = § — S, § /S, Again, this is an approximation
for the veiling glare corruption. One of the problems with this method is that the amount of veiling glare is not
constant across the mask. As we get closer to the
white-black boundary, we will find that the glare M B
increases. It will be a minimum at the center of the
black area. However, when you try this method out,
you may well find that the amount of veiling glare
corruption is substantial (much more than most
think). The correction you make will be vastly
superior than using measurements that don’t attempt

to account for glare. For example, suppose we I] 7‘ .

measure the uncorrected black and white levelstobe  rcs RGB < SCANNED REGION MASK

(in CCD counts from a photopic CCD camera) N P OF

S = 12000 and §; = 2500. We'd naively calculate the H F Sh H ” ” ” ” “ P‘ [
contrasttobe C = S,/ § = 4.8. If we attempt to ol n J, ol ol ol ol ol p A A
account for glare and find that S; = 1500 and U JUU WU UWUWUWU UULWUM
S = 16000 using the simulated display. Then the 3

correction is §, §;/S = 1125, and a better (pixelzlhzvm!i?w)

approximation to the contrast is ’|‘ T Sy RAW DATA T S

C =S,/ $=10875/1375 = 7.9, which is quite = WINDOW AVERAGE 9
different from C. Whether or not the eye can Fig. 7. Hypothetical high-magnification image of black

apprem ate that Change in contrast is rea”y not the p|Xe| line on white p|Xe| baCkgrOUnd with an ideal black-
point of all this. What we need to do isto provideas ~ OPaque mask placed directly upon the pixel surface. This

accurate a measurement as possible so that any is anideal situation to illustrate what we are attempting to

ergonomic study of the significance of small area do. Do not attempt to touch the screen surface unless you

contrasts is based on good metrology. are sureit is rugged enough to permit such rough
handling.
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D. Rugged Screens That Can Be Touched

DANGER! BE SURE THAT YOUR SCREEN SURFACE IS DESIGNED TO BE TREATED

ooy ROUGHLY BEFORE ATTEMPTING TO ATTACH ANYTHING TO THE SCREEN SURFACE.

: Obvioudly, the above method for delicate surfaces will also work for rugged screens. However,
the rugged screen offers more possibilities. Temporarily attach a one-pixel-pitch-wide strip mask to the surface of
the screen (if the screen will alow it, tape might be used), and align it with a column of pixels as shown in Fig. 5.
View the mask and black pixel linein the LMD. If the mask and the pixel surface are both in focus (the lens
system has a sufficiently large enough depth of field to include the pixel surface and the mask on the cover above
the pixel surface) proceed asiif it were the ideal casein a) above. However, if both the pixel surface and the mask is
not in focus, then data will have to be obtained with the pixel surface in focus and then with the mask in focus
separately. When the pixel surfaceisin focus, we abtain the average white level S, surrounding the line and the
black level §; of the line, both uncorrected values. When the mask is in focus we obtain the veiling glare
corruption §; and the average white level (again made with a running window average where applicable) S where
the background pixels are now out of focus. The correction is now S, §,/S;, the corrected white is

Sy =S(1- §/S), thecorrected black is §, = S - §§/S . Then, for example, the contrast will be approximated
withC=S,/S,.

Hrmph! Lens
flare, veiling
g glare.... Big
S deal!

I knew

EB that!

—— ]
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A102 SPATIAL INVARIANCE AND INTEGRATION TIMES

(measurement area and interval, adequate number of pixels measured,
adequate duration of measurement, temporal aliasing, spatial aliasing)

Abstract: Too short an integration time can alias with the screen refresh rate (if such exists). Also measuring too
few pixels can result in a false representation of the true luminance of the display as well as changesin the
luminance if the luminance meter moves slightly. Smilar problems can arise with the measurement of colors.

There are two types of apertures associated with a luminance measurement, one is the aperture defined by
the measurement area or field of view (FOV) on the screen, the other is the "aperture” in time over which the
measurement is made usually called the measurement time interval. Because the screen is composed of discrete
pixels, moving the measurement aperture around on the screen can change the number of pixels contained in the
aperture by a small amount especially if the FOV isvery small. If one were to move the LMD in one direction
along the screen making measurements frequently, a beat-frequency pattern could emerge in the luminance-verses-
position curve measured, i.e., an aliasing would occur owing to the well-defined measurement aperture and the
discreet pixels. Similarly, because the screen can have arefresh rate associated with it whereby the pixels are
turned off for a period of time, the finite measurement time interval can have an error in the number of screen
refreshes it measuresiif it is not synchronized with the refresh period.

A102-1 Minimum Measured Region of Display Surface:

(number of pixels measured)

How many pixels need to be measured
for an accurate luminance measurement? That For Square Pixels
depends to some extent upon the pixel fill factor P, =P,=P A\
aswell asthetype of LMD used (how locally V =N,Py
uniform the pixels are found to be). As thefill
factor decreases below 100 %, the light r
measurement can change more as the LMD
moves unless the LMD is covering a sufficient L—/’ D
number of pixels, or some other factor mitigates L p
the irregularities. In some cases pixel-to-pixel r=ztan(q/2)
irregularities in luminance (or color) can be
large. (See section 301-2h, Viewing Distance,
Angle, and Aperture, where this specification is
introduced.) For smple LMD systems we suggest the following guidelines be used:

- 500 pixels or more be measured.

- Thefield of view of the LMD on the display surface (2r in the figure) be less than 10 % of the horizontal and
less than 10 % of the vertical dimension of the screen for the perpendicular orientation; that is, the
measuring region (FOV, s=p r?) will fit within abox on the screen having dimensionsof 0.1V~ 0.1 H.

- The LMD have an angular field of view (for infinity focus) of 2° or less.

- Thelens of the LMD subtends 2° or less from the center of the screen.

If fewer than 500 pixels need to be measured, it is necessary to prove that such a measurement will not
significantly contribute to the measurement error. Similarly, if any other of these conditions are not met, it must be
proven that the measurement apparatus is able to provide a measurement that is equivalent to meeting these
specifications. See the diagnostic below for a method to verify the adequacy of the number of pixels selected to be
measured. There is no need to perform this diagnostic if more than 500 pixels are measured.

a=h,Py

A. Diagnostic—Suitability of Chosen Number of Measured Pixels:

Suppose you need to use fewer than 500 pixels and you want to test to seeif it is reasonable to do this.
Arrange for the LMD to measure the number of pixels you desire near the center of afull white screen. Stay within
0.1V~ 0.1 H of the center of the screen. Find avisibly uniform field of pixelsto measure in order to avoid
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anomalous pixels that will introduce errors. Be sure to rigidly mount both the LMD and the DUT so that they are

securely in place and will not accidentally or inadvertently be moved. Note that this kind of verification or

diagnostic need only be made on one type or class of adisplay-LMD combination when a series of displays are

measured. It does not need to be performed on all displays. In other words, it is sufficient to measure less than 500

pixelsif it is possible to prove that a class of apparatus can adequately meet these criteria for a certain class of

displays.

1. Take aseries of measurements on the properly warmed-up DUT, and establish the repeatability of the
measur ement of the luminance (or color) with the DUT and the LMD held fixed. Determine the average value
mand its standard deviation s using at least n = 10 measurements. (See 301-2k for more information and a
procedure if needed.) It would be expected that s would be smaller than the measurement repeatability
requirement of this document (s mp = 0.5 %), and would certainly expect that it would be less than twice the
measurement repeatability requirement, that is, s £ 2s yp = 1 %—this assumes your LMD has a smaller
repeatability than the requirement of this document. If thisis not the case and a repeated measurement of ten
values doesn’t improve the situation, then it may be indicative of a problem with the LMD, the display
(perhaps not warmed up or unstable), or the combination of the two (see the next section A102-2 for temporal
modulation of the luminance).

2. Make multiple measurements of the luminance (or color) as you transversely move the LMD relative to the
screen adistance of y = 5 px vertically and then x = 5 px horizontally (or visa versa) making measurements at
the spacing of five increments per pixel, bx = Py /5, by = Py /5, for atotal of 50 measurements. (It is easiest to
do thiswith the LMD or display on a positioning system.)

3. Determine the mean m and standard deviation s~ of the 50 measurements. Also calculate the maximum
deviation D between the lowest and highest measured value of the 50 measurements.

4. Criterion of acceptability: If the standard deviation of the 50 measurements is twice the LMD repeatability
requirement or less (s £ 2s, yp = 1 %) and if the maximum deviation is less than six times the LMD
repeatability requirement (DmaE 6smp = 3 %), then it is permissible to use the number of pixels selected to
make the measurements.

B. Calculation Examples: Number of Pixels Measured and Proper Distance
In the following examples we provide a variety of equations that will permit the calculation of the number
of pixels measured assuming a round measurement aperture. We also show some sample calculations. Finaly,
there is a table showing some common display configurations and the number of pixels measured for a2° or 1°
angular field of view at a distance of z= 500 mm from the display.
Example 1. Given an LMD with an angular field of view (AFOV) subtending q = 1° (radian measure of
2pg/360°) at a distance of z= 500 mm from the screen which has a pixel pitch in both horizontal and vertical
directions of Py =Py = 0.333 mm so that the area allocated to each pixel isa =Py P, =0.111 (mm)z, then the
radius of the circle being measured on the screen isr = ztan(q/2) = 4.36 mm, the area measured on the screen
(field of view, FOV) iss = pr? = 50.8 (mm)?, and the number of pixels measured within the LMD aperture on
the average is N = g/a = 549 px. Putting this all together, the number of pixels measured is given by
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: A= areaof thescreen (viewablearea, of course)
i N,y = number of pixels, horizontal, vertical
: Py, P, = pixel pitchin thehorizontal/vertical direction
::: P = pixel pitchfor squarepixels
i H = horizontalsizeof screen= NPy = Ny P (for squarepixels)
FOR SQUARE PIXELS 1V = vertical sizeof screen= Ny R, = Ny P (for squarepixels)
s s pr? pr? i1 =radiusof round measuremert areaon screen
N= a =N Z: HY T ) ? or -:'s= areaof screenbeing measured=pr? (Goa :s< A/100)

éztan(g /2)02 "'d = 2r = diameter of round measuremert areaon screen

N=p - (N3 +N3), or

€ p ¢ i (shouldbelessthan10%or H andV)
N @2 d? (N2 +N2) - a= areaallocated toonepixel = PR, (= P? for squarepixels)
4 D2 ' TN = total number of pixelson thescreen= N, N,
|
(wherein thelast equationit isassumed i N = number of pixelsbeing measuredon thescreen (Goal : 500 px)
that z>> r) ::: z = distancefrom thescreen tothe LMD

"D = diagonal = VH2 +V? = PN, %+ H, 2

[ Notethat D isthe exact diagonal of the viewabledisplay surface.
|

iq = LMD angularfield of view (° orrad: ° = radx360°/2p)
::: (NOTE: for small angles< 10°, sing @tang @q within1%,
f  whereq @d/zmust beinradians)

Example 2. Following Ex. 1, if the round angular field of view measures 2°, the area measured at a distance of
500 mm is 239 (mm)? (radius of 8.73 mm), and with a pitch of 0.333 mm:; then the number of pixels would be
2000. With the 2° aperture at a distance of 500 mm the maximum sguare pixel pitch which will yield 500
pixels being measured is P = 0.692 mm (P? = g/N).

Example 3. Suppose we know the pixel pitch for horizontal P,, = 0.723 mm and vertical P, = 0.692 mm, and
the field of view of the LMD q = 1°. How far away zwould the LMD need to be in order to capture N = 500 px?
Using the formulain Ex. 1, we solve for z

i N = numberof pixelsmeasuredon screen

NP, R, I'z= distancefromscreen toLMD
Z= |~ wheei . . . .
ptan“(q /2) i Pav = pixlepitch, horizontal, vertical

1 q =LMDangularfieldof view (°,or rad:° = rad -360°/2p)
This gives a distance of z= 1445 mm.
Example 4. If we only have the diagonal measure D = 14.2 in (361 mm), the number of pixelsin the horizontal
N, = 640 and vertical direction N, = 480, and we know that the pixels are square; then we can determine the
number of pixels measured by aLMD with angular field of view of g = 1° and distance from the screen of
z =500 mm:
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I'N = number of pixelsmeasuredon screen
|
i s= areaof screen measured=pr?
.
i a = areaalocatedto onepixel = B4R, = P2 (for squarepixels)

FOR SQUARE PIXELS : Ny = total numper of pixelsonscreen= Ny N,

) T A= number of pixels measuredon screen
N =§= NT%= % T= pp%, or : H = horizontalsize= N, By = Ny P (for squarepixels)
st 12)2 :::V = verticalsize= Ny R, = N, P (for squarepixels)
eztan@ /2)u (N2 + N2) i z= distancefromscreen toLMD

N=pg D U :
© Y N,y = number of pixels, horizontal, vertical

.
i D =diagonal = VH2 +V2 = PN, % + H,°
iq = LMD angularfield of view (° or rad: © = rad=360°/2p)
For the values here, N = 294, which is an insufficient number according to our suggestion of 500 pixels (the
LMD-display combination would have to be verified for adequacy)—see 301-2h, Viewing Distance, Angle, and
Angular Field of View for initial comments about the 500-pixel suggestion. If the pixels are not square, we
would need to know the exact aspect ratio a = H/V = NyPy /Ny Py in order to calculate the pixel pitch and
determine the area of a pixel. In such an unlikely event, the general formulais
ia = aspectratio
: N = number of pixels measured on screen
} z= distancefromscreen toLMD

(l+a?)/a, where

eztan( /2)o°
& Y i Niy,v = number of pixels, horizontal, vertical

N =
"6 o 4

::: D = diagonal (of entirescreen matrix)
fq = LMD angularfield of view (° or rad: ° = rad>360°/2p),

which reduces to the above formula when the pixels are square (a = Ny /Ny).

ERGONOMICS IN SOME HANDS
CAN BE A DANGEROUS THING! J—

We've never needed to
measure a contrast over
100:1 afterall, it's all the
eye can see anyway.

RUSTIC METROLOGY
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Table 1. Number of Pixels Measured and Percent of Screen Diagonal Measured for Several Configurations
Dec.=decimal, No.=number of, z = distance between DUT and LMD, q = AFOV, a = aspect ratio, D = diagonal

The shaded area denotes failure to comply with 500-pixel and £10 %-of-diagonal convention.

Display . Aspect Ratio : . No.
Pixels Diagona z | q N Size of Screen Measurement Region pixels
o - . 0,
N | Ny | ny {m)| ™™ O pec | Ratio |Hqn | vany | H | Y [d=2r)in% o0l N

(mm)|(mm)| (mm) | of D

640, 480 10.4| 264 500 1.333] 4:3 832 6.24| 211| 158 17.46| 6.6%| 0.71%)| 2195

640, 480 21.0] 533] 500 1.333] 4:3 | 16.80| 12.60| 427 320| 17.46| 3.3%| 0.18%| 538

640, 480 21.0] 533| 500 1333] 4:3 | 16.80] 12.60| 427| 320| 8.73| 1.6%| 0.04%| 135

640, 480 21.0] 533] 500 1.333] 4:3 | 16.80| 12.60| 427 320| 17.46| 3.3%| 0.18%| 538

640, 480 52| 132 500 1.333] 4:3 416| 3.12| 106| 79| 17.46|13.2% | 2.86%| 8779

640, 480 52| 132 500 1.333] 4:3 416| 3.12 106 79| 8.73| 6.6% | 0.71%| 2194

640, 480 32.0] 813| 500 1333] 4:3 | 25.60] 19.20] 650 488 17.46| 2.1%| 0.08%| 232

800, 600[ 11.3] 287 500 1.333] 4:3 9.04 6.78| 230| 172| 17.46| 6.1%| 0.61%)| 2905

800, 600[ 15.0; 381 500 1.333] 4:3 | 12.00 9.00] 305 229 17.46| 4.6% | 0.34%| 1648

800, 600 22.6] 574 500 1.333] 4:3 | 18.08] 13.56| 459| 344| 17.46| 3.0%| 0.15%| 726

1024| 768| 12.1] 307 500 1.333] 4:3 9.68| 7.26| 246| 184| 17.46| 5.7%/| 0.53%| 4151

1024| 768| 15.0f 381 500 1.333] 4:3 | 12.00] 9.00] 305 229| 17.46| 4.6% | 0.34%| 2701

1024 768 6.4 163| 500 1.333] 4:3 512 3.84| 130 98| 17.46{10.7% | 1.89%] 14836

1024| 768 6.4 163| 500 1.333] 4:3 512 3.84| 130] 98| 8.73| 5.4%| 0.47%| 3709

1024| 768| 21.0] 533| 500 1.333] 4:3 | 16.80] 12.60| 427| 320, 17.46| 3.3%| 0.18%| 1378

1280 1024| 13.0f 330{ 500 1250 54 | 1015 8.12| 258 206| 17.46| 5.3%| 0.45%| 5897

1280 1024| 25.0f 635 500 1250 514 | 19.52| 15.62| 496 397| 17.46| 2.7%| 0.12%| 1595

1280 1024| 17.0] 432 500 1250 54 | 13.27| 10.62| 337| 270| 17.46| 4.0%| 0.26%| 3449

1280 1024 42.0| 1067 500 1.250| 54 | 32.80| 26.24| 833| 666| 17.46| 1.6%| 0.04%| 565

1280 1024| 23.0] 584{ 500 1250 54 | 17.96| 14.37| 456, 365 8.73| 1.5%| 0.04%| 471

1280 1024| 23.0] 584 500 1250 54 | 17.96| 14.37| 456| 365 17.46| 3.0%| 0.14%| 1884

1280 1024 60.0| 1524{ 500 1.250| 5:4 | 46.85 37.48| 1190, 952 17.46| 1.1%| 0.02%| 277

1920 1080; 17.0] 432 500 1778 16:9 | 14.82| 8.33| 376 212 17.46| 4.0% | 0.30%| 6228

1920 1080; 42.0] 1067 500 1.778| 16:9 | 36.61| 20.59| 930| 523| 17.46| 1.6%| 0.05%| 1020

1920 1080; 12.0] 305( 500 1.778| 16:9 | 10.46| 5.88 266| 149| 17.46| 5.7%| 0.60%| 12500

NINININININIEINININININIEINININININININIEININIEPININ

3072| 2240| 13.5| 343| 500 1371} 11:8 | 1091 7.95| 277| 202 17.46| 5.1%| 0.43%| 29418
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A102-2 Measurement Time Interval:

(integration time required)

The integration time of the LMD must not be so short that the refresh rate of the screen will affect the
luminance measurement more than is alowed by the required measurement uncertainty and precision of the LMD.
Some LMDs can be synchronized with a the refresh rate of the screen (if applicable), but even so, the measurement
time interval can play arole in the uncertainty of the measurement.

A. Temporal Modulation of Luminance:

Some LMDs integrate the light over atime interval (or several time intervals) and report the measurement
to the user. Some displays have a refresh rate associated with them where the luminance is pulsating in time but
fast enough so that it is not objectionable to the eye (otherwise flicker is noted) or there may be a modulation of the
luminance from an ac-powered backlight. When the integration time is short compared to a number of cycles of its
modulation (< 200 or so) the measured luminance can change significantly depending upon when the measurement
time interval occurs and how many pulses or cycles are measured. For example, in the figure we show arefresh
rate of R = 80 Hz with the measurement time interval as dt = 0.0925 s, then on the average there will be 7.4 refresh
cycles captured by the instrument [No. cycles = Rdt = dt/(1/R)]. But for any single measurement the number of
refresh cycles captured can be from 7 to 8 which would give a range of luminance errors from -5.4 % to +8.1 %.

B. Diagnostic—Verification of Adequate Integration Time

The adequacy of the integration time
interval can be checked after the display is dt =0.0925s
warmed up. The measurement time interval for a Captures 8 Cycles
white screen must be long enough so that the
standard deviation s of ten or more luminance
measurements (taken quickly) is no greater than |
twice the measurement repeatability s yp alowed [

for the luminance meter in this document or 1 % ]
(s £1%, simp = 0.5 %); see 301-2j Assessment of L
Luminance Measurement if more details are

needed on how to do this properly. If the standard
deviation istoo large, one explanation for thisis 80 Hz Refresh Rate (Cycle=0.0125s) t
that the integration time is too short. The problem
can be solved either by using a neutral density filter,
by taking the average of a number of measurements,
or by synchronizing the LMD with the light pulses
from the display (an available feature with some
LMDs).

Extension of Integration Time: The measurement time interval can be extended using a calibrated
neutral density filter (NDF), and the standard deviation of the luminance measurement re-measured. Given that the
density of thefilter is D, then the transmission T of the filter is 1/10° and the integration time is extended by a
factor of /T = 10°; for typical densities: D = 0.3, 1/T = 2.00; D = 0.5, /T = 3.16; D = 1.0, /T = 10, etc. If after
the extension of the integration time the standard deviation does not appropriately decrease, then other instability
problems may exist in the LMD, the display, or both. Be careful in using NDFs. Some have transmissions that are
wavelength dependent and may not be suitable for use with photopic or color measurements. The NDFs made from
metallic deposition on glass tend to be much less wavel ength dependent while the gray-glass type can exhibit a
wavelength dependence that can corrupt aluminance measurement beyond what is tolerable in this document.

Averaging Several Measurements. How many measurements are required to be comfortable that the
mean of a series of n measurements reflect the true value of the measurand, e.g., luminance? Assuming that the
distribution of the measurements about the true value of the measurand is represented by a normal (or Gaussian)

Captures 7 Cycles

Fig. 1. Temporal aliasing of luminance measurement time
interval with screen refresh rate.

distribution, the standard deviation of the mean isgivenby s  =s /4n . Make enough measurements n so that s,
is no greater than twice the repeatability of the LMD as above (sy £ 1 %, with s yp = 0.5 %).
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A103 LIGHT MEASUREMENT DEVICES

A103-1 General Uncertainty Requirements of the LMD

There are many factors that contribute to the confidence that the measurements we make actualy reflect
the value of the measureand. A complete description of all the factors that can affect measurement uncertainties is
found in CIE Publication No. 69, “Methods of Characterizing Illuminance Meters and Luminance Meters.” For a
discussion of the propagation of errors and uncertainty estimation see A108 Uncertainty Evaluations, and for the
correct terminology see A221 Statements of Uncertainty. Any uncertainty values are expressed using an expanded
uncertainty with a coverage factor of k = 2 (a*“two-standard-deviation” or “two-sigma’ estimate)—see A221.

For Luminances: The luminance relative expanded uncertainty of measurement with coverage factor of
two must be u up = £5 % of the luminance or less, and the luminance measurement repeatability must be less than
either a maximum of s yp = 0.5 % of the luminance or the uncertainty introduced by any digitization (whichever
islarger) over a5-mininterval.

For Color: The expanded uncertainty of the measurement with coverage factor of two of chromaticity
coordinates for tungsten-type CIE illuminant A above 10 cd/m2 must be +0.002 or less.

Array Photodetectors: In addition to the above requirements, in the event that an array of photodetectors
isused in order to provide a spatially-resolved luminance measurement, then such a system must provide (either in
hardware or after software processing) no more than a2 % nonuniformity (1 - minimum/maximum) for all
detection elements employed in a measurement of luminance. If such LMDs are used to resolve fine detail at the
pixel level then the array pixel must measure no more than 1/10 the size of the smaller of the horizontal and
vertical subpixel-image pitch on the display. That is, the smallest feature of interest should be rendered by at least
ten detector pixelsin the horizontal or vertical direction. The array must be filtered to make it photopic (whenever
luminance measurements are made). We invoke the CIE criterion of specifying the relative spectral responsivity
from the human photopic response curve V(1) so that f;” £ 5 %. (See CIE Publication No. 69, “Methods of
Characterizing Illuminance Meters and Luminance Meters,” p. 9, 1987.) Let (1) be the response of the photopic
array to the spectrum (1) (such asilluminant A, atungsten halogen lamp at 2856 K), the error f;” is defined as

c\; $* (1 ) - V(1 )|d C‘§S(I W (@ )d
f¢= 100% ” , where s* (1 ),y = s(l )¥—.
QV(I )di QS(I )s(1 )di

See Section A111 Array Detector Measurements for a discussion of the complications that can arise when array
detectors are used.

A103-2 Field of View and Subtense Angle of LMD

The angle of the field of view (FOV), field angle, acceptance angle, or angular FOV (AFQV) of the
measurement aperture must be 2° or less for infinity focus. Further, the angle subtended by the lens of the LMD
from the center of the screen must also be 2° or less for image-producing systems. There may be optical
configurations that do not produce images on the photodetector of the LMD. This criterion is then equivalent to
stating that al the rays coming from any pixel which contributes to the measurement made by the LMD must fall
within a cone with apex angle of 2° or less. Further, all the rays coming from the centers of the measured pixels
must be within 2° of the viewing direction. If the LMD used has an angular field of view larger than 2° then its
suitability must be tested with the DUT; see Light Measurement Devices (A103) in the Metrology Appendix for
diagnostics.

Some say FOV or aperture meaning the AFOV. Strictly speaking, these are not adequate terms. The FOV
can mean the horizontal (or maximum) size of an area viewed, or the width of the viewed area at a certain
distance. Aperture has been used to refer to the measurement aperture within the instrumentation, the FOV on the
measured item, or the entrance pupil of the LMD. We will generally use AFOV.

A. Diagnostic: Subtense Angle Suitability of LMD
The solid angle subtended by the LMD may be important to good measurements. If the display exhibits a
viewing angle dependence then the finite solid angle subtended by the LMD can have an effect on the
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measurement. The LMD should be placed a sufficient distance from the display or the LMD must be designed so
that the change in luminance or color over the surface of the lens (or aperture) of the LMD for any displayed level
from white to black or any color is essentially within the reproducibility of the LMD. Note: some configurations are
collimated and can have awide lens yet only use a small angular cone of light from each pixel (see A219
Collimated Optics). Also some systems use an optical Fourier transform lens near the screen, but may be suitable
because of their design (see A226 Equipment Based on Fourier Optics).

This document suggests that the angle subtended by the lens (or entrance pupil) of the LMD (or each of its
elementsif it is an array detector) should be no greater than 2°. Suppose you want to use a LMD having alens (or
other means of gathering light) that has a subtense angle of greater than 2° as measured from the center of the
screen, and you want to see if it is suitable for making measurements of a display. Let the subtense angle of the lens
be q. . Make a series of ten measurements at the perpendicular direction (or design viewing direction) to establish
the mean mand standard deviation s of the luminance (or color measurement). We will assume that the standard
deviation obtained will be no greater than twice the repeatability requirement of the LMD (s yp = 0.5 %),

s £ 2s vp Or s £1 %, which isarather loppy measurement. In fact, if we find that the standard deviation is not
smaller than our repeatability requirement s £ s yp it raises the question that you may have a problem with the
LMD, the display, or the combination. Y ou may want to try this for both a full-white screen and a full-black
screen. With the pivot point at the center of the screen, rotate the LMD = q /2 about the perpendicular to the left
and then the right of the screen normal making ten measurements in each position. For each off-normal position
determine the mean m and standard deviation s”, and check that the off-normal standard deviations are both less
than twice the repeatability requirement of the LMD, s” £ 2s yp Or s” £ 0.5 %.

A103-3 Types of LMDs

In this document we primarily talk about luminance meters, etc. which have aviewing port. There are
some measurement apparatus that are designed to be positioned close to the screen or even directly in contact with
the screen. We want to include as many measurement options as possible.

A. Imaging LMDs

These LMDs show the area being measured on the object by creating an image of the object using alens
and then sampling part of that image to produce the measurement. Many of these LMDs have a viewing port or
viewfinder (either optical or video) so the lens focuses the image of the object to be measured onto the detection
aperture. It is always important to properly focus the device so that the image lies essentially in the plane of the
measurement aperture. When using the eye to focus the instrument, it is easy to be fooled into thinking that it is
properly focused when it is not. Here is a procedure to assure proper focus:

Parallax Method for Viewfinder Focus: First the

viewfinder eyepiece is focused so that the target denoting the
measured area (FOV target) is sharp in focus and comfortable to
view (many use an infinity focus, some use afocusthat isat a . ‘ .
reading distance). The key is to be sure that the image of the object
being measured is exactly in the plane of the LM Ds measurement Image of FPD further away than spot.
o

aperture. Asyou look at the object to be measured, if itsimage in

the viewfinder moves relative to the FOV target as you make small

transverse movements with your eye, then the LMD is not properly . .
focused. When we say small transverse motions of the eye, what

you do is move your head back and forth (left and right or up and Q Good focus, FPD image and spot move together;

down) just afew millimeters (some rotate their head slightly so

that the eye moves transversely afew millimeters) while looking

through the eyepiece having the image and FOV target in view. . ‘ .
Focus the main lens of the LMD until small transverse movements

of the eye do not show any relative motion or parallax of the image Image of FPD closer than spot.

with the FOV target. This has been called the parallax method of
focusing adevice.

T
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B. Proximity Optical Fourier Transform Devices:

There are devices that are based on measurements upon the optical Fourier transform (OFT) of the image.
OFT LMDs are often in close proximity with the display surface (afew millimeters away). Care must be exercised
to avoid touching any delicate display surfacesin using these devices. The OFT LMD provides a measurement of
almost the entire 2p sr hemisphere in front of the display at one time. Since they employ array photodetectors, the
regquirements are presented above (Array Photodetectors) and further discussion of array-detector complications can
be found in A111. More information about OFT devices, how they work and how to perform diagnostics, can be
found in A226 Equipment Based on Fourier Optics.

C. Large-Solid-Angle Detectors (Suction-Cup or Open-Area Detectors):

If adisplay technology exhibits viewing angle characteristics (other than nearly Lambertian behavior)
unacceptable errors can be introduced by a detector lens covering too large a solid angle so that the screen
characteristics are different over that solid angle (like the suction cup colorimeters used on CRT displays). If the
FPD technology for the DUT has no viewing angle dependence then these types of detectors may sometimes be
used. In general, their useis discouraged for FPDs.

D. Microscopes, Proximity Detectors:

Other lens configurations exhibit similar problems of having alarge solid angle for gathering light. If a
microscope or a close-up lensis used, then the apex angle of the cone defined by the light-gathering lens from the
viewpoint of the display surface may exceed the £2° subtense angle of the LMD lens that this document specifies.
Their adegquacy would therefore have to be tested. For such instruments in close proximity to the screen, thereis an
additional source of contamination, reflections off the instrumentation back onto the screen. Glare in the lens
system should always be anticipated.

E. Long Distance Microscopes:

L ong-distance microscopes generally avoid producing significant reflections of light back onto the screen
thereby corrupting a measurement. However, they often have wide lenses in order to provide good resolution and
gather more light, and they can exceed the +2° subtense angle of the LMD lens that this document specifies. Their
adequacy would therefore have to be tested. Glare in these lenses, although some of which are mirrored systems,
must also be anticipated.

A103-4 Time-Resolved Measurements

In making time-resolved light measurements such as response times, photopic calibration may not be
required. Be cautious about infrared (IR) sensitivity of some non-photopic detectors. The IR emitted from the
display may have a very different gray-scale than the visible light would indicate. Sensitivity to IR can produce a
dc offset which may or may not be important to an accurate measurement. The response time of the LMD is often
required to be 1/10 the duration of the event to be measured or less. However, if the light generated is modulated at
a high freguency, it may be necessary to require a response time of the LMD used for temporal measurements to be
1/10 or less of the temporal period of the modulation or change. See the section on Temporal Response Diagnostics
(A110) for details on how to check the temporal response capabilities of the LMD used. There are few absolute
(repeatable) sources of error in this measurement:

1. Detector non-linearity.
2. Detector time-base error, e.g., the time-per-division on the oscilloscope is wrong.
3. Step-response function (SRF) curve affected by too large a measured target.
Since (1) and (2) above are normally small, and (3) can be controlled by proper target selection, this measurement
should be both accurate and repeatable if the following random (non-repeatable) error sources can be controlled:
Detector noise.
Detector drift.
FPD luminance drift.
Superimposed luminance ripple (as with a high-frequency backlight).
Use of linear interpolation on a non-linear SRF curve.
Intrinsic FPD turn-on and turn-off frame-to-frame variations.
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A103-5 Detector Saturation

When measuring displays that produce their light by atrain of pulses, such as electron-beam scanned
phosphors of a CRT, it isimportant that the peak of the light pulses not saturate the detector within the LMD.
Detector saturation can be determined using the diagnostic for linearity in A106 Detector Linearity Diagnostics. If
the ratio of light measured with and without a neutral-density filter stays the same independent of the luminance
setting of the display screen (whites or grays), then saturation is not afactor. If there isfear of changing the pulse
characteristics by changing the gray-level, then the apparent screen luminance can be adjusted using a second
neutral-density filter between the LMD and the white screen. By changing the density of the second neutral-density
filter you can simulate a change in gray scale without modifying the pul se shape.

A103-6 Appearance to the Eye vs. the LMD

The eye has an entrance pupil of less than 10 mm diameter (typically 2 mm to 4 mm). Most LM Ds have
lenses that have considerably larger diameters. It is worth keeping in mind that what the eye sees and what aLMD
sees may be somewhat different. From any point on the display surface, the eye and the LMD often subtend very
different solid angles, particularly as the LMD gets closer to the display. Sometimes the detail seen by the eye can
be integrated out by the LMD. Sometime, this can be particularly noticeable as when comparing a CCD picture
with what the eye sees when examining a non-smooth surface. The LMD-CCD can make the surface appear
smoother than it is and any sharp detail behind the surface (such as pixels behind a diffusing screen) may be
softened from what the eye sees. There’' s not much to do about this except to be aware that sometimes stopping
down the lens may make the LMD see more like the eye sees things at a cost of sensitivity.

A104 SIGNALS, COLORS, AND PATTERN GENERATION

In order to make this document be applicable to as many display technologies as possible, only some
general remarks will be made concerning signal generation. The pixel respondsto a driving stimulus. That driving
stimulus has voltage and timing characteristics that can be critical to the display’s performance. Depending upon
the display technology, that driving stimulus can originate as an analog voltage such as that provided to an RGB
CRT monitor, or it can be a bit-level specified at a pixel location for adigital monitor associated with a computer’s
digital interface. At what point in the generation of the image on the display the user can access and control the
driving stimulus cannot be entirely specified for al technologies. For example, gaining access to the signals
driving alaptop computer display may be difficult. Even if we could get at those signals there is arisk that the
loading of our measurement system’s impedance might change the character of the signals and affect the displayed
image. Suffice it to say that if asignal generator of some sort drives the display, that signal generator cannot create
artifacts that influence any of the measurements specified in this document. To the extent the user has control of
the driving stimulus, that driving stimulus cannot be inadequate in any way so that the measurements specified in
this document are affected by the performance of the user-provided driving stimulus. For example, consider an
analog signal generator: The voltage levels must be sufficiently accurate that they do not adversely influence the
luminance levels of the pixels. Further, the transition times between voltage levels must be sufficiently fast so that
no luminance artifacts can be measured associated with any two neighboring pixels which are caused by the signal
generator. Therefore, when the user of this document is required to provide the driving stimulus for the display, the
adequacy of that driving stimulus is the responsibility of the user. Any reporting should include the specifications
and characteristics of any external generator if used.
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A105 ADEQUACY OF SINGLE MEASUREMENTS

Making Single M easur ements: Generally speaking, the measurement repeatability of any LMD will be
much smaller than its uncertainty of measurement. At the time of this writing, the best luminance calibration and
measurement is usually +1 % with a coverage factor of k=2—and that is at the national standards |aboratory level.
The measurement repeatability of any LMD can be 1/10 of its accuracy of measurement or smaller.

The issue of how many measurements need to be made to establish any measurement result was
discussed—in part—in the introductory comments for Section 300 Photometric and Colorimetric M easurements.

In this document, we call for making only one measurement for each quantity to be measured. Often people fedl the
need to make multiple measurements of each quantity where the mean and standard deviations are reported. That,
of course, is permissible throughout this document. There are several reasons for our only requiring asingle
measurement. Photometry and colorimetry are sciences for which the short-term imprecision of the measurement
usually is much smaller than the inaccuracies as noted above. This has to do with the determination of the candela
from fundamental standards. Once it has been determined that the measurement time interval is not too small so
that the luminance measurement is not affected by any refresh rate associated with the display (see A102 Spatial
Invariance and Integration Times), there is little value obtained in making multiple measurements—except to
check results. Asfar as comparing the results of one laboratory with another, the +2 % or £4 %uncertainty of
measurement and methods used are the problem, not the repeatability (shot-to-shot imprecision) of the measuring
instrumentation. For the sake of simplicity and speed, we have opted not to require tedious multiple measurements
until the fundamental quantities are substantially more accurately determined. In all our measurements, there is no
objection to making multiple measurements and reporting the average values. It is aways suggested that multiple
measurements be made in order to uncover any possible problems, but we don’t require them because a number of
those using this document will be making many measurements on many displays and will have a keen sense of how
well their instrumentation is working. Thus, you can make single measurements, but you have to know the
repeatability of the results—see 301-2k to measure the standard deviation, the repeatability, using a coverage factor
of two, would be twice the standard deviation. The results have to reproduce within the repeatability of the LMD,
then the instability of the DUT is negligible, and you can trust the single measurement. If the variation of multiple
readings is much larger than the repeatability of the LMD, then there may be instabilities of the DUT, the LMD, or
other unknown uncertainties in the measurement. If the single-measurement criteria (of multiple measurements
being within the repeatability of the LMD) is not obtained, then the true repeatability (twice the standard deviation)
must enter in the final uncertainty determination of the measurement—see A108 Uncertainty Evaluations.

If there are no substantial aperture or time-interval effects introducing errors in the measurement (see
above section A102), then making a number of measurements, taking the average and standard deviation, will
reflect little more than the measurement repeatability of the instrument. It is probably a good idea, from time to
time, to make a number of measurements of a white screen holding the LMD in afixed position to assure yourself
of a small measurement repeatability and that there are not unanticipated problems. However, there is little value
in insisting on making multiple measurements for each luminance value desired, until the uncertainty of
measurement of the LMD is comparable to itsimprecision. If there is any question how to make mean and
standard deviation measurements, see 301-2k Luminance Measurement Repeatability for guidance.
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A106 DETECTOR LINEARITY DIAGNOSTICS

The linearity of any light measuring device (LMD) used in the procedures outlined in this document
should be checked to assure accurate measurements. There are several methods that can be used to check the

linearity of aLMD.

Integrating Sphere Variable Sour ce with Photopic Detector: Thisis probably the best way to check
linearity. Refer to Fig. 1. A small integrating sphere containing a tungsten-halogen lamp is mounted to a larger
integrating sphere with airis between the two spheres. This arrangement produces a uniform diffuse source that

does not change its spectrum as the
luminance is changed. For this diagnostic
we don't need the neutral density filters
(NDFs) to start with. If the photopic
photodiode monitor is linear (for asimple
photodiode bathed with this much light,
thisis generally a good assumption), then
the luminance measured by the LMD L
should track the photodiode output
current J as the iris changes the
luminance. If the ratio of the luminance
to the photodiode current is not the same
for al luminances (within the
repeatability of the LMD), then the LMD
may not be linear and made need
adjustment, the photodiode may be
changing its characteristics due to
heating, or the photodiode is improperly
configured (improperly baffled so that it
directly views the lamp exit port). That is, if the LMD is
linear (and so it the photodiode) then

L =kJ, Q)
where k is a constant (cd/m%A). For all the readings
made see how much k changes over the range of
luminance available. If you attempt to use aresistor in
series with a photodiode and rely upon V = JR to
produce a voltage proportional to the current, be careful
that R is not too large or the photodiode will not be able
to supply enough power to drive the resistor
appropriately, and the photodiode detector will appear
nonlinear—this method is not recommended. It is much
better to use a current amplifier or obtain an ammeter
capable of accurate sub-microampere measurements.

If you want to check the low-level response of
the LMD, then place an extra attenuation NDF in front
of and near the lens of the LMD. If the LMD islinear, it
should track the photodiode current so that L = k'J,
where k" is a different constant. Note that as the
[uminance nears the lower end of the LMD’ s capability,
rounding errors and digitization errors will eventually
dominate. At such levelsthe LMD cannot be readily
used.

INTEGRATING SPHERE SOURCE NDF

PHOTOPIC
PHOTODIODE

EXTRA
ATTENUATION

EXIT

PORT
LINEARITY

Fig. 1. Integrating sphere source with photopic photodiode to
monitor luminance and iris to control the luminance without
changing its color.
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Fig. 2. Linearity test method measuring the ratio
of the luminance without to the luminance with a
neutral density filter having a density of 0.5
against the luminance measured in cd/m?. Two
different luminance meters are compared. The
large excursion comes from truncation errors
associated with the number of significant figuresin
the readout.

When using the NDFs be careful of reflections from itemsin the lab illuminated by the light source
reflecting off the NDF into the LMD. When using a NDF in this manner, it may be tempting to place it near and in
front of the integrating sphere. Thisis not a good idea since anything in proximity to the exit port can dramatically
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change the luminance of the interior of the integrating sphere. It is best to place the NDFs as near to the LMD lens
asispractical. If thisis not done, then stray light reflecting off the lens can reflect off the NDF and back into the
LMD.

Another way to check the system is by using an NDF taken in and out of the light path. Measure the
luminance with L” and without L the linearity NDF near and in front of the lens of the LMD. Typically we use an
NDF with a density of 0.3 or 0.5. If the LMD islinear, then the ratio of L/L" should remain constant. This method
can be carried to the low end of the LMD range by adding an extra attenuation NDF and checking that the ratio of
the luminances with and without the linear LMD remains constant. This method doesn’t rely on the photodiode,
but the method will not catch slow deviations from linearity. In Fig. 2 we show the results of this NDF method of
testing luminance linearity. Caution: many NDFs do not have a uniform attenuation over the entire visible
spectrum, particularly thisis true for NDFs made of gray glass. NDFs made from metal deposition on glass tend to
have a more uniform attenuation over the visible spectrum.

There is another danger: If you attempt to use a light source that changes its luminance by changing the
current in the lamp you will probably also be changing the spectral output of the lamp. This situation is undesirable
asit introduces an uncontrolled variation into the experiment. A light source that changes its luminance without
changing the spectral distribution of the light is preferred.

A107 POLARIZATION EFFECTS DIAGNOSTICS

There are two main sources of polarized light
in emissive displays: the backlight of an LCD display
is polarized during transmission, and reflected light
off the surface of the display can be polarized. To
determine any sensitivities of the LMD to this
polarized light, the following procedureis
recommended. Simply place a polarizer across a
stable uniform light source (such as an integrating
sphere source or equivalent) and measure the
luminance of the source for different angles of
rotation of the polarizer. Fig. 1 shows atypical
measurement setup and resultant data. A simple
sheet polarizer film or glass polarizing filters can be
used and placed in a graduated rotational mount. At
minimum, two points should be measured: the
position that provides the maximum s-wave 41.8%
transmission (light polarized in the direction i
perpendicular to the plane of incidence), and the 41.6%
position that provides the maximum p wave
transmission (light polarized in the direction
parallel to the plane of incidence). If the sourceis o spectroradiometer
not polarized and the detector isinsensitive to —e— luminance meter
polarization, then the ratio of the luminance of the 41.2% —a colorimeter
source without the polarizer to the luminance with
the polarizer should be constant for any angle of 41.0%
rotation. For a good polarizer, thisratio should be 0 45 90 135 180 225 270 315 360
around 40 % to 45 %. Figure 1 shows an example of Polarizer orientation (degrees)
the plot L, /Lo versusf, wheref isthe angle of
rotation of the polarizer, L, isthe measured source
luminance with the polarizer rotated by f degrees,
and L, is the initial measured source luminance
(with no polarizer).

42.0%

41.4% |

Transmission

Fig. 1. Polarization sensitivity to transmission for
a colorimeter, luminance meter, and a
spectroradiometer as a function of polarizer
orientation.
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A108 UNCERTAINTY EVALUATIONS

We present a summary of error propagation and then apply it to several specific measurementsin this
document. For more detail, see the many books that cover this subject. For a discussion of the proper terminology
to use with statements of errors see A221 Statements of Uncertainty.

In general, every quantity Q we attempt to measure is a function of other variables or parametersin the
experiment so we can write Q = Q(py, P2, Pss ---, Pn)- E&Ch parameter p; has an uncertainty Dp; associated with it. If
we want to ask how Q is affected by small changes in the parameters p;, we could set up an experiment where we
change each parameter by its estimated uncertainty (in either the positive or negative direction) and re-measure Q
for each change. The changein Q can be expressed in terms of its partial derivatives:

n
DQ= EDpI , «y
i 1
where the Dp; are the changes in the parameters and bQ is the resultant change in Q. To take an average of a
number N of the DQ should result in zero since the changes can be negative or positive, in general. A better
measure of the error would be the square-root of the average of the squares of the DQ. So, for k=1, 2, ... N such
experiments we have as the average uncertainty in DQ expressed as

2 2. f)
1®qQ ¢ 1 NE e 0 1NC 0 gQq
(0Q)*=—8 ¢& —QDpi: -Sa ca g—QDpi: D +—8¢ 3 1R39 b0 P+ - )
Nia&ia Th g Niagiadth g o N 18i=1,j=1 TR TP, %
& it 2

Over alarge number of such experiments, the second term on the right—the cross-terms—will eventually average
to zero since both positive and negative changes in the parameters are allowed. An estimate of the anticipated
change in Q will result when the parameters are all changed by their anticipated uncertainties. Since the changes
in the parameters are squared in the first term their respective signs are not important; dropping the cross-terms,
Eq. 2 reducesto
2
(0Q)’ - gﬂop. . 3
i= 1e %]
Another useful expression is the relative uncertai nty where we divide Eq. 3 by Q?to obtain
o M
?DQ = 3 giﬂ Dp; % 4)
Qs - 1e Qip 5

This often results in an algebraic simplification of the uncertainty expression. The uncertainty DQ or relative
uncertainty DQ/Q is the square-root of the sum on the right side of the equation.

Equation 3 is a statement of the propagation of errors from the parameters that contribute to the resulting
measurement. If any one of the parameters p were dependent upon other variables rj, then asimilar expression
would be used to estimate the anticipated error in Dp in terms of the uncertainties dr; and the partial derivatives
fp/1r; just as expressed in Eq. 3. Then that Dp value would be used in the expression for bQ—a compounding of
errors, a propagation of errors. There are certain circumstances when Eg. 3 becomes rather simple. Suppose Q

n
depends upon a multiplication of the powers (positive or negative) of the parameters, such as Q = ) p’ where the
i=1
5 are positive or negative real numbers, for example Q = A"B"C'D®. If we calculate DQ by Eq. 3 and divide by Q?
we abtain the relative uncertainty of Q that has a particularly simple form:

2
2 &D . & Dp,©
for Q= pi then {2 = g §s 2P ©)
i=1 Qg L& Pp
..2 ..2 ..2
eg.for Q= A"B"C'D® then ?ﬁ— _SenD—AE +EnBe £ DCs = DDy 6)
¢ Ag ¢ Bg ¢ Cg ¢ Dy

Here, the s aswell asn, m, r, s, can be any positive or negative real number.
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Another case of interest is the situation where Q is a sum of other quantities: Q=py + p2 + ps ...+ pPn.
Equation 3is, of courseg, till valid. When we have such a sum, we often have that the p; are similar in size p and
all have approximately the same uncertainty Dp each. Should this be the case, then some simplification occurs:

4 . . aDQ@2 laert')z DQ| 1 |Dpp
(0Q)% = § (Op)? @nop?, andwithQ @npwecanestimateg—<* @—¢—= , OF |—| @——|— (7)
21 g Qg ng Pga Q| +nlp

Thus, the relative uncertainty in such a sum decreases inversely as the square-root of the number of termsin the
sum.

When we purchase a measurement instrument, such as a luminance meter, the manufacturer will provide
a statement of uncertainty U, that is usually an expanded uncertainty with a coverage factor of k = 2—you must
always check this with the manufacturer. The associated combined standard uncertainty is uy, = U, /2 islikely a
root-sum-of-squares of the calibration uncertainty of their transfer standard (traceable to the appropriate national
laboratory) u., the repeatability of the measurement of that standard s, and various other factors such as drift,
temperature effects, focus, distance, etc. With luminance meters, since the repeatability is often much smaller than
the uncertainty, the manufacturer may quote the repeatability of that instrument s, to give you an idea of how well
the instrument can make relative measurements in a short time period. Such an uncertainty statement and its
related repeatability is often made in connection with a particular, CIE illuminant A, for example. How well the
instrument does for other colors and sources may not be stated. Further, the stated uncertainty may only apply to
luminances above a certain threshold. Thus, without clear specifications from the manufacturer, it may not be
appropriate to apply the stated uncertainty of aluminance meter to low-light level readings.

A108-1 Luminance Measurement Uncertainties

The manufacturer tells us that his instrument has a relative uncertainty of U,,/L = 4 % and arelative
repeatability of s/L = 0.2 %. We will assume that this Uy, is an expanded uncertainty with a coverage factor of
k = 2. When we make a single measurement, the uncertainty of our measurement result would be U, that is, we
will assume the repeatability has already be folded into the uncertainty. If we were to make several measurements
of an absolutely stable light source in a short period of time, we would expect that the standard deviation of that set
of results would be approximately the repeatability sy .

Suppose we make several measurements of the luminance L, i = 1,2,3,...,n and determine the mean L,
and standard deviation s of the resulting set; but we find that the standard deviation is significantly larger than the
repeatability of the instrument, 5 > s,,. What do we then use for the uncertainty? Obviously, there is some
instability somewhere. If we cannot improve the apparatus to eliminate the increased uncertainty, then we must
incorporate it into the uncertainty estimate that we would provide to characterize our measurement capability. The
combined standard uncertainty is the root-sum-of-sgquares of the component uncertainties (see A221). Assuming
the uncertainty of the LMD includes ak = 2 coverage factor, we wouldn’t use U, as a component of uncertainty,
but we would have to eliminate the coverage factor thereby using Up/k = U/2% u,, as the component of
uncertainty that is associated with the instrument. The combined standard uncertainty for our luminance
measurement would be

Uo=4/¢— © *SL = T"'SL' )

Finally, we reintroduce a k = 2 coverage factor to obtain U, = 2u,, which is properly called the expanded
uncertainty with a coverage factor of k = 2. It is U, that we would use in quoting the final uncertainty of our
[uminance measurement.

Example: With our above example of U, = 4 % we will assume that the manufacturer used ak = 2
coverage factor in establishing the measurement uncertainty of the LMD. Further, let’s assume that the relative
standard deviation of the set of measurements with respect to the average Lae iS S /Lae = 1.2 %. Using Eq. 8, we
would obtain u /Ly = 2.3 %, and the relative expanded uncertainty with a coverage factor of k = 2 would be
UL /Lae = 4.6 %.
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A108-2 Chromaticity Coordinate Measurement Uncertainties

We have a similar situation as in the above luminance measurement, except that the repeatability of the
chromaticity measurement is not necessarily much smaller than the uncertainty of measurement of the instrument.
For a single measurement, we would be inclined to accept the manufacturer’s uncertainty statement of Uy, Thus,
when we make single measurements, we must be aware of the possibility of an increased uncertainty from random
effects (type A—see A221) than we may find with the luminance measurement.

Let c be any one of the chromaticity coordinates. Suppose the uncertainty of measurement of the
instrument is U, = 0.0024 and the repeatability is s, = 0.0005. Also, suppose we take a series of measurements of
the chromaticity coordinates of some source and find that the standard deviation s, = 0.0015 of those
measurements. Since the standard deviation of the set isin excess of the repeatability, then we will want to account
for it as another component of uncertainty. Assuming that the manufacturer uncertainty estimate Uy, is an
expanded uncertainty with a coverage factor of k = 2, then the combined standard uncertainty of any chromaticity

measurement would be
.2 2
Ue = ?ﬁg + Sc2 = U_m+ Sc2 ) (9)
¢ Kg V 4

or U, = 0.0014. We would guote an expanded uncertainty of U, = 2u, = 0.0028 with a coverage factor of k = 2.

A108-3 Contrast Measurement Uncertainties
The error in the contrast C = L,,/L, is based on aluminance measurement of white L, and black L,. The
relative uncertainty in the contrast measurement is, from Eq. 6

el ' aedCo edL,, c_>2 aedLb o L &y c_'>2 (10)
C— - - L - — I,
eCyg eCﬂ éLwéJ Lbﬂ EL eLbéJ

where, U, Uy, and uy, are the combined standard uncertainties associ ated with the contrast, the white, and the black
measurement, respectively. Consider an example: The manufacturer quotes a relative uncertainty of measurement
of Ry,° Up/L = 4 % for the luminance L of a CIE illuminant A at 100 cd/m?, which we will assumeis an expanded
uncertainty with a coverage factor of k = 2. They then say that the relative repeatability at this luminance level is
rm° Sn/L = 0.1 %. Suppose also that the lowest the meter can read is 0.01 cd/m? and that the readout error is
roughly dL = 0.01 cd/m? because of the uncertainties associated with that last digit. Let’s assume that the white
luminanceis L,, = 130 cd/m?. Suppose the black luminance measures L, = 0.51 cd/m?. The contrast is L,/L;, = 255,
but what is the uncertainty in that contrast measurement?

If we only made a white luminance measurement, the uncertainty would be R.L,, that is, 4 % of L,,. But
when measuring contrast, we are going to combine the uncertainties of the white and black measurements. For this
calculation, the standard uncertainty in the white luminance measurement is u, = (Rn/2)L,, =2.6 cd/m?, where the
factor of two is from removing the effects of the k = 2 coverage factor. (Once we calcul ate the combined standard
uncertainty of the contrast, then we will use ak = 2 coverage factor to obtain the final expanded uncertainty of
contrast.) For the white measurement, the readout error isignorable.

Naively speaking, the uncertainty in the black arises from the component of uncertainty associated with
the instrument’s calibration R.L, and the component of uncertainty associated with the readout dL = 0.01 cd/m?,
which for black is not longer ignorable. If that were true—that the relative uncertainty R, stays unchanged for low-
light level reading—then the standard uncertainty in the black measurement would be given by

2

up = \/g& L, 2 +(dL)?, (11)
62 g

or u, = 0.014 cd/m?. In doing this we have made the assumption that the repeatability is not a factor with which

we have to be separately concerned, that is, we have assumed that u, adequately accounts for repeatability. Now,

from Eq. (10) the relative combined standard uncertainty (u/C) in the contrast is, naively,

2 2 2 5
Mo d JF0 _Fw 2 &0 2 - (0.020)2 + (0.027)%, or UJ/C =3.4% 12
ECT "9 TEL e = (0.020)" + (0.027) < ¢ (12)
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We should use a coverage factor of k = 2 so that the relative expanded uncertainty of the contrast measurement is
R. = UJ/C = 6.8 %. This calculation may seem adequate, but it probably is not. Here's why: This naive calculation
hinges on the assumption that the R, = 4 % relative uncertainty of measurement of the instrument and its 0.1 %
relative repeatability remains the same for dark measurements asit is for the brighter measurements (such asits
calibration point of the CIE illuminant A). That is not necessarily true—in fact, it probably is not true. Unless the
manufacturer can assure you of that fact or provide you with more uncertainty information that covers the lower-
luminance levels, some attempt needs to be made to characterize the luminance meter for low light levels. For
example, suppose the detector has a noise of s, = 0.1 cd/m? about the zero signal, but any negative results would
aways be truncated to zero in the output of the instrument. For measurements of luminances of 100 cd/m? and
above, that will permit arelative repeatability of 0.1 % as stated in the specifications. The uncertainty in the white
measurement is not affected by such noise, but the black is definitely affected. The combined standard uncertainty
of black must add another component to account for this noise s,. Thisis equivalent to including the measured
repeatability of black as a component of the uncertainty in the result of a measurement:

2
Up = \/éﬁ L2+ (@LY+ 2, (13)
62 g
or u, = 0.10 cd/m? and the relative contribution to the contrast uncertai nty is uy/L, = 0.20. The noise in the black
measurement now becomes the dominant source of uncertainty in the contrast result. The uncertainty in the white
measurement becomes ignorable by comparison (uy/L,, = 0.020), and essentially all of the uncertainty in the
contrast measurement comes from the black measurement: With a coverage factor of k = 2, the relative expanded
uncertainty in the contrast measurement result becomes 40 %. This shows how important it is to understand the
instrument’ s capabilities in making black measurements. However, there are further problems. In evaluating
Eq. 13 we assumed that the relative uncertainty Ry, doesn’t change as the luminance decreases. Usually the
uncertainty of an instrument decreases with the level of the signal measured—thisisin addition to any readout
errors encountered for low-level measurements (dL). Thus, before an uncertainty in a contrast measurement can be
evaluated, the performance of the instrument in measuring low-level luminances must be provided or determined.
See A106 Detector Linearity Diagnostics for some pointers on testing for low-light-level measurement capabilities.

What! "...is based on good metrology
and not mythology."

Too
strong?

Oh?
Really?
... And...
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A109 COLOR MEASUREMENT DIAGNOSTICS

Suppose you purchase an array spectroradiometer or atristimulus colorimeter and a calibrated tungsten-
hal ogen light source. Y ou measure the source with your LMD and you get the proper luminance L,, as well as the
proper chromaticity coordinates X, Y. (or whatever color space you need to use). Y et when you look at the
chromaticity diagram you realize that thisis just one point in the gamut. Is there any way to be reasonably sure that
the LMD will measure the other colors correctly without having a number of radiometrically calibrated lamps or
filters? (Even if you don’t have a calibrated standard light source, the failure of the LMD to perform these
measurements may indicate a problem with the instrument.) If pure monochromatic light, such as from alaser, is
measured, the chromaticity coordinates obtained from the instrument should fall very near or on the spectrum locus
of astandard color space. Similarly, if a narrow-band interference filter is measured, then the measured
chromaticity coordinate should aso be close to the spectrum locus.

The distance from the measured chromaticity coordinates to the spectrum locus depends upon the
bandwidth of the illumination, and the errors of the measuring instrument (see Fig. 1). Interference filters can
provide an inexpensive and straightforward method to confirm the performance of spectroradiometers and
colorimeters in measuring highly saturated colors. If the instrument can accurately measure several points along
the spectrum locus (especially near 400 nm and 700 nm), and a known white point (such as from a calibrated
source), and if the instrument is linear, then the operator should feel comfortable with the ability of the instrument
to measure any point (color) within the spectrum locus.

A spectroradiometer or colorimeter with imaging 0'9;“““S“‘t‘“‘i‘“““““““““‘““‘;
optics views the central part of the interference filter. An 08 /L pecim focts ﬁg\'/'i}fo?’l ]
aperture is provided to ensure that the edge of the filter is / L aweonm |
not used in the measurement (this outer diameter region is 0.7 .
where the filter can be non-uniform). A light-transmitting g Calculated (x,y)
diffuser made of opal glassis used to provide uniform 06} Measured (xy) -
illumination. An optional neutral density filter can be used 05 3
to attenuate the light if it istoo bright or to test the y F
uniformity of the results with a change in light intensity. 04° &
The light source can be an incandescent lamp or an :
integrating sphere source. 03r¢ 7

A simplified geometry of the apparatusis shownin :

Fig. 2. There are at |east three sources of errors associated 0.2 i E
with the measurement configuration: the characteristics of 01r E
the interference filter (bandwidth, temperature coefficient, i

Lo e b b b b

drift), the dispersion introduced by light which is not

0.0
parallel to the normal of the interference filter, and an 00 01 02 03 O-4X 05 06 07 08

overall error in establishing the normal direction of the Fig.1..Spectrum Locus
interference filter. These errors would cause the data Aperture
to shift from the calculated values, although if careis LMD - Diffuser

taken, the dispersion and alignment errors can be
made negligible. Any background light or scattering
within the instrument could be an additional factor.
Finally, how the instrument handles any background
subtraction may aso be afactor revealed with the use
of interference filters. Using a spectroradiometer, a
substantial signal for frequencies far removed from

the interference filter peak can indicate undesirable ::rzltteer: erence Source
scattering within the instrument. A He-Ne laser (e.g.
I =632.8 nm) is also agood way to check for

Fig. 2. Apparatus. Separations of filters and diffuser from
unwanted scattering. the source are exaggerated for illustration purposes.
The most rigorous way to evaluate the Snce the absolute luminance level is not important, the

measured results would be to have the interference filters may be placed close to the exit port to minimize the
filters calibrated for spectral transmittance generation of stray light.
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immediately before measurements are made, and compared with the calculated chromaticity coordinates. When
this method is not available, data provided by the filter manufacturer can be used. When the manufacturer’ s data
are used, one should consider that the filter characteristics are subject to long-term drift and temperature
dependency.

In atypical configuration we arrange the elements as shown in Fig. 2. We set the distance between the
LMD and the interference filter to be from 50 cm to 1 m, depending upon the instrument. A filter holder is chosen
to ensure that each filter used is placed in the same position. We use the reflection of the lens of the LMD in the
interference filter to align the optics. Once this alignment is made, the holder is not repositioned. We eliminate
background illumination as much as possible by shrouding the apparatus with black felt to avoid any stray light. Be
careful that the interference filter is not heated by environment. It is best to put the highly reflective side of the
interference filter facing the source to minimize any heating. The diffuser is not necessary if an integrating sphere
is employed.

Procedure: The luminance and chromaticity coordinates should be recorded for a selection of interference
filters (with bandwidth less than 10 nm) and plot the data on the chromaticity diagram to see how close they come
to the spectrum locus. In the case of the spectroradiometers, the dominant wavelength, spectral purity, radiometric
transmittance, and spectral response can also be recorded. Enough readings should be taken for each filter to obtain
some understanding of how well the LMD deals with saturated colors. The greatest difficulty in reaching the Locus
will likely be found nearest the ends of the visible spectrum (400 nm and 700 nm).

SOURCES OF ERROR:

As stated earlier, if the LMD is properly calibrated for obtaining the correct color of a standard white
point (e.g. CIE illuminant A), and if the measured colors of the interference filters fall on or near the spectrum
locus, then all other colors within the color gamut should be measured accurately by the device. If the interference-
filter data points shift away from the locus more than their bandwidth would permit, then make sure care has been
taken with the alignment of the apparatus, and good interference filters chosen. Also, check for stray light
contributions to the measurement. L ook for any stray light (not the light from the interference filter) illuminating
the front of the LMD that would appear in areflection off the interference filter. The bandwidth of the filters can
account for some displacement from the locus toward the center of the color gamut (see Fig. 1, bandwidth
especially affects the displacement in the green region). If all these sources of error are accounted, then the location
of the measured data point with respect to the spectrum locus can provide some information on the behavior of the
instrument.

Figure 5 shows a small segment of the spectrum locus (around 530 nm) and some data points. If the
measured data does not fall on the ideal point on the locus, its position in reference to the "true" point can indicate
possible sources of error. Shifts along the spectrum locus could result from calibration errors, or indicate a
mismatch of filters in tristimulus colorimeters. Shifts toward the white point would indicate internal scattering of
light within the measuring device, possibly stray-light |eakage
(including infrared), and inadequate subtraction of a background
signal. Detector noise could cause the data to fall on either side
of the locus. Some devices subtract a no-light background from
the light measurement and can lead to negative readings owing
to noise. If any negative data is truncated, the resulting .
chromaticity-coordinate data points could shift slightly inward.

Thus, if good filters are used and care is taken with the setup,

the placement of the datain relation to the locus can indicate Bandwidth,
how the instrument performs with respect to its specifications Scattering
and your own expectations.

Wavelength Shift,

Temperature,
\ and Drift

/

Background
Subtraction
(Noise)

Spectrum Locus

Fig. 5. Sources of error that can move a data
point away fromitsideal position on the
spectrum locus.
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A110 TEMPORAL RESPONSE DIAGNOSTICS

The temporal response of any light measuring device (LMD) used in the procedures outlined in this
document may be checked to assure accurate measurements. The methods described in this section are effective for
checking the temporal response of devices such as photodiodes and photomultiplier tubes whose output can be
measured directly. The temporal response of aLMD is determined by measuring the response of aLMD to alight
pulse. Light pulses of a known duration and rise time can be formed using a He-Ne laser and a light chopper or a

pulse generator and an LED.
q LMD i
Light Pulse LMD Response
q

CHOPPER AND LASER:
The light beam from the

laser passes through the chopper
and into the entrance port of an
integrating sphere whose exit port
facesthe LMD under test. (This
need no be a laboratory grade
integrating sphere. Almost any
enclosure with awhite interior
having two appropriate ports will
do.) The reason for using an Fig. 1. Chopper and laser apparatus for measuring response times.
integrating sphere is to prevent damage

to your LMD by directing the laser beam directly into the LMD. The period of the light pulse must be of sufficient
duration to measure the response of the LMD. The best that can be done for equal on and off times of the pulseis
by using two openings (to balance the chopper) with an arc length of 90°. To ensure that you are measuring the
response time of your LMD the light pulseis required to have arise time much less than the response time of the
LMD under test. To achieve alight pulse with a minimum rise time the light chopper should be positioned where
the laser beam has the smallest cross section; i.e., as close as possible to the output laser. Otherwise, divergencein
the beam will cause the beam to spread giving the light pulse alonger rise time. Also, the beam should be close to
the rim (outer diameter) of the chopper; the higher the angular velocity of the opening the shorter the rise time of
the pulse.

As an example, supposed the laser beam has a diameter of d = 1 mm and passes through the chopper at a
distance of x = 20 mm from the axis of the wheel. The rotation angle associated with this width of the laser beam
would be g = d/x = Imm/20mm = 0.05 radians. If we assume we have a chopper with arotation rate of R = 10 rps
(revolutions per second: 60 rpm = 1 rps, where rpm = revolutions per minute) then the angular velocity would
bew = 2p R= 63 radians/sec. Therefore, the rise time of the light pulse would be g iw = 790 ns; at R = 100 rps
(6000 rpm) the rise time of the light pulse would be 79 ns.

Chopper

HeNe Laser

LED AND PULSE GENERATOR:

Another way to test the temporal response of the LMD isto
power afast LED with a good pulse or square-wave generator. This L ""TDDEJTSE
is especially important for testing response times in the ® DGDENER ATOR
submicrosecond and nanosecond regimes. Fast LEDs are readily
available (response times in the nanoseconds). They can be tested
using afast photodiode or fast PMT (photomultiplier tube). Watch [D
out for proper termination of the cable connecting the LED to the LED LMD
generator (or proper output impedance of the generator) so that
reflections in the cable don’t interfere with the measurement—this
is especially important if you are worried about submicrosecond measurements. (Some display technologies require
a submicrosecond response times, so such reflections can pose a problem.) For submicrosecond pulses, substantial
voltages (> 10V) may be required to make the LED light pulse sufficiently bright to be seen or measured.
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Al111 ARRAY DETECTOR MEASUREMENTS

In addition to the general requirements aready outlined in A103, there are complications in using array
detectors such as CCDs. There are several sources of error associated with array detectors. Here we are talking
about the entire imaging system including the lens, we are not limiting all our remarks to the array element by
itself. Y ou can have a perfect CCD with exactly the same response for each array pixel. But when it is put into a
system with alens, the entire imaging system likely no longer preserve that uniformity because of the performance
of the lens, reflections, etc. Thus, there are several factors to consider when using an array photodetector:

(1) Nonuniform response over array. Thisis the nonuniform responsivity from pixel to pixel in the
photodetector array including any nonlinearity and differing linearities in response for pixels or columns of
pixels. There can be defective detector pixels and small regions where the response is different than the
average response. Many of these problems can be accounted for via aflat-field correction (5).

(2) Nonuniform imaging from lens system. The properties of the lens used which contributes to
nonuniformity such as vignette (the 1/cos’ fall off, see A213) and shutter vignette. Shutter vignette can be
observable when a mechanical shutter is used with the array detector and not all parts of the array receive
the same exposure—this can be a problem especially for short exposures. There are other problems
encountered with lens systems, such as the change in image luminance with focus.

(3) Glare, veiling glare, lensflare. The lens system and the components associated with it often produce a
stray light that provides a nonuniform background illumination that depends upon the scene being viewed
as well asthe lens configuration (e.g., different f-stops).

(4) Background subtraction. Appropriate background signal needs to be subtracted from any acquired signal.
If the array is not thermally regulated, backgrounds need to be measured often.

(5) Flat-field corrections. Appropriate correction needs to be made for the nonuniformity of system response
whenever the most accurate measurements are required. The flat-field correction provides a detector pixel-
by-pixel adjustment so that all the detector pixels have the same response to the same amount of light. It is
usually an array of numbers that multiplies the measurement array after backgound subtraction to adjust for
nonuniformities of the entire system. The problem here is creating the appropriate arrangement to provide
a uniform source from which a uniformity calibration can be made.

(6) Photopic response. For luminance measurements a photopic filter is required. This assumes that each
detector pixel has the same spectral responsivity (this may not always be the case).

(7) Aliasing between the detector pixel and the display pixel. When the spatial frequency of the image of
the display pixel is anywhere near the spatial frequency of the detector pixel, you can get aliasing and a
resulting modulated picture. Defocusing the lens or putting a diffusion filter (from a camera store, for
example, or glass plate with some hair spray on it) in front of the lens may help, but this may not be a
reproducible way to regulate the light.

(8) Calibration in luminance. If the array detector, such as a CCD, provides you with counts and you need
luminance values instead; then the array detector must be calibrated. M easure the same uniform source
with the array LMD and a luminance meter—the exit port of an integrating sphere works well, or use a
white diffuse standard. Let L be the luminance measured by the luminance meter and S be the value
obtained from the array LMD. The correction factor isc = L /S, and future measurements by the array
detector can be converted to luminance by multiplying the array LMD values by c.

When we speak of linearity, we mean the output from each detector pixel S isrelated to the luminous flux
hitting the detector pixel by § = mF + b; where m isindependent of flux F for all the detector pixels. The
background subtraction removes b; , and the flat-field correction k; produces the same response for each pixel, or
kim = m = constant. To achieve a uniform response the response of the detector pixel S is corrected according to
S = (S —hb)k = mr, for al array detector pixels. Aslong asm is not afunction of F thiswill be a successful
operation. Of course the background and the signal are both noisy, so thiswill never work perfectly.

Given that each detector pixel can be corrected to assure uniformity for any particular system and object
(the DUT) configuration, lens flare or veiling glareis till a particular concern. In general, the amount of glare
depends upon the lens used and the configuration of the detector, but it also depends upon the size and position of
the light sources being measured. Y ou can get a different glare smply by moving the object (the DUT) closer so
that the object being measured (the DUT) subtends a larger solid angle. What this means is that the flat-field
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correction with one configuration may not be adequate for another configuration. Changing the f-stop of the lens
(aperture), the position of the light source (the DUT), the pattern of light on the screen, etc., all affect the glare
contribution to the array. Hopefully, you will be fortunate so that all these problems represent only a few percent
error in measured light.

How can we tell if we have a problem? Ideally if we had a uniform light source that was an exact replica
of the light we were trying to measure, we could make a good flat-field correction (FFC). For example, suppose you
wanted to measure the uniformity of the entire surface of a DUT with a CCD camera, and suppose the CCD is
perfect and linear. If we setup the DUT, determined the position and size of the white full screen to be measured,
then removed the DUT and replaced it with a uniform light source that had the same shape as the white screen and
was placed at the exact same position, then we could produce a flat-field correction that accounts for the
imperfections of the system for that particular configuration. Such alight source is generally not available.

If you are fortunate enough to have alens with very little veiling glare, you may be able to create one FFC
and use it with many configurations. Here is an example of a procedure to test how well one FFC will work. It
assumes adequate image processing software is available to manipulate the images as desired. Using a quality
integrating sphere with an exit port luminance nonuniformity of 1 % or less. Place it a distance away from the
array detector system so that the image of the exit port is slightly larger than the array when the exit port isin
sharp focus (you will have to move the integrating sphere off axis alittle to focus on the exit port)—the goal is to
fill theimage of the exit port with the array as much as possible. Adjust the light source so that you are getting
readings well above the background but not saturating the detector array. For example, if the maximum counts
attainable per CCD detector pixel is 16,384 before saturation, aluminance that produces 10,000 counts or so would
be reasonable.

Take a background image B(x,y) with the lens cap on the lens (or equivaent). (It may not be sufficient to
simply take a background with the shutter closed if the shutter-closed background is different from the background
taken with the lens cap on the lens, it is best to use the background with the lens cap.) Then obtain a raw image of
the exit port R(x,y) and subtract off the background image to obtain the net image N(x,y). Obtain the average of the
net image for all pixels:

m=2 & N(xy),
Image
where there are n total detector pixels. The FFC is given by F(x,y) = N(x,y)/m, and will be approximately equal to
one for all FFC pixels. Now, all future images can be corrected C(x,y) using the backgound and FFC by
C(xy) = [R(xY)- B(Xx ]/ F(xy).
To see how well this FFC works for other situations, change the position of the integrating sphere; move it nearer
to the lens and further away obtaining a series of raw images for each position. Be sure the focus is always made on
the exit port of the integrating sphere. Include one image of the exit port far enough away that it fills less than half
the array. Y ou can also change f-stops if that is possible on your system. Obtain the corrected images for all the
different positions of the integrating sphere Ci(x,y) and examine how uniform the exit port is found to bein al the
images. Any nonuniformity you observe in the exit port imagesis an indication of the upper bound of the
usefulness of your FFC. If in the distant image you find the exit port shows a5 % nonuniformity, or the near focus
image shows a nonuniformity of 10 %, then you cannot use that FFC for all measurements from which you expect
accuracy. Further, you will have to take a FFC for each configuration you want to use. It would be difficult to create
a uniform luminance surface the size of the display at the same position that the display is to be measured.
Hopefully, you will find the FFC to be able to provide you with aless than 2 % nonuniformity for the display
images that are approximately the same size as the image used to create the FFC.
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Al112 IMAGES AND PATTERNS FOR PROCEDURES

Al12-1 Setup Targets

The following targets (patterns and images) can be employed to setup the display if the manufacturer does
not provide specifications to do so or if the specified setup is found to be inadequate for the use of the display. Slide
4 provides a 32 level gray scale on each side as well as concentric square targets with the top most and bottom most
six levels. If the display provides adjustments of, say, contrast, the objective would be to adjust for the visibility of
the greatest number of gray levels near white and black. In all scenes and faces thereis a 32 level gray scale at the
bottom of the screen and the concentric boxes on the right side.

RENDERING GRAY LEVELS:

Gray levels can be specified by bit-levelsin adigital system or voltage levelsin an analog system.
Establishing the analog voltages required is straightforward (see below). However, the digital process can be
confusing. In digital systems we often don’t want to view each available gray level, but we often want an evenly
spaced subsample of the available gray levels to measure performance. When we have to extract fewer evenly
spaced levels from alarger set of levels, it is not as straightforward as many think.

Bit Levelsin Software: Given n levels of gray that can be displayed on a screen, with O for black and
w=n- 1for white. We want to select a subset of mlevels that are as evenly spaced as possible from this larger set
of nlevels. Theinterval between the n levelsto create mlevelsis bV = w/(m- 1), which may not be an integer. So,
the levelsto select are the (integer) values of V; = int[(i- 1)DV] fori =1, 2, ..., m, or V; = 0, int(DV), int(2DV),
int(30V), ..., int[(m- 1)DV], with int[(m 1)DV] = w for white. For example, if there are n = 256 = 2° levels from
which we select m = 8 levels, white isw = 255; the interval is DV = 36.4286, and the chosen levels are: O, 36, 73,
109, 146, 182, 219, 255. Similarly, the levels selected out of a 16 bit gray-scale n = 65535 = 2'° for m= 16 levels,
gives a spacing of DV = 4369, and the levels are 0, 4369, 8738, 13107, etc., up to 65535. If we wanted m = 32
levels instead, the spacing is DV = 2114.0323 giving levels 0, 2114, 4228, 6342, 8456, 10570, etc. up to 65535. If
we only had n = 256 possible levels available and we want to select m= 32 levels, we'd use DV = 8.2258 to give: 0,
8, 16, 25, 33, 41, 49, 58, 66, 74, 82, 90, 99, 107, 115, 123, 132, 140, 148, 156, 165, 173, 181, 189, 197, 206, 214,
222, 230, 239, 247, 255.

Analog Signal Levels: For analog signals, if V,, isthe white level and V,, is the black level, then for m
levelsthe signal step sizeisDV = (Vi - Vp)/mand V; =V, + jDV.

GRAY LEVELSIN PERCENT OF WHITE:

Slide #8 in the setup dlide set is modeled after SMPTE RP 133- 1991 (see “ SMPTE Recommended
Practice: Specifications for Medical Diagnostic Imaging Test Pattern for Television Monitors and Hard-Copy
Recording Cameras,” SMPTE Journal, pp. 580-582, July 1991). There use is made of a gray scale based upon an
analog signal in percent of the difference between the white signal level and the black signal level. The file
FPDMSU.* shows what it should look like with the additions we have made appropriate for the considerations in
this document. However, you will want to use the bit-mapped version of this pattern found in FFDMSUBM.ZIP for
the appropriate screen pixel addressability (640" 480, 1024° 768, 1600° 1204, etc.). A perfect correspondence between
the percent gray-scale and the 256-level gray scale cannot be obtained to perfectly match the SMPTE pattern. We
propose the following rule to get approximate bit-levelsin an = 256 gray scale with white specified by w=n- 1
and O for black: The bit level V associated with the SMPTE percentage p (fractional quantity) is
V = int(wp) = int(255 percentage/100%). This amounts to rounding all the fractional values down. We have added
single pixel and double pixel checkerboards for black-and-white pixels and pixels at the levels of 53 % and 48 %
(bit levels 135 and 122)
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Selection of levelsfrom n = 2= 65536 levels

64 Gray Levels | 32 Gray Levels | 16 Gray Levels | 8 Gray Levels | 4 Gray Levels
DV=1040.23... | DV=2114.03... DV=4369 DV=9362.14... DV=21845
Level | Value | Level | Value | Level | Value | Level | Vaue | Leved | Vaue

1 0 1 0 1 0 1 0 1 0

2 1040

3 2080 2 2114

4 3121

5 4161 3 4228 2 4369

6 5201

7 6241 4 6342

8 7282

9 8322 5 8456 3 8738

10 9362 2 9362

11 | 10402 6 10570

12 | 11443

13 | 12483 7 12684

14 | 13523 4 13107

15 | 14563 8 14798

16 | 15604

17 | 16644 9 16912

18 | 17684 5 17476

19 | 18724 10 19026 3 18724

20 | 19765

21 | 20805 11 21140

22 | 21845 6 21845 2 21845

23 | 22885 12 23254

24 | 23925

25 | 24966 13 25368

26 | 26006 7 26214

27 | 27046 14 27482

28 | 28086 4 28086

29 | 29127 15 29596

30 | 30167 8 30583

31 | 31207 16 31710

32 | 32247

33 | 33288

34 | 34328 17 33825 9 34952

35 | 35368

36 | 36408 18 35939

37 | 37449 5 37449

38 | 38489 19 38053

39 | 39529 10 39321

40 | 40569 20 40167

41 | 41610

42 | 42650 21 42281

43 | 43690 11 43690 3 43690

44 | 44730 22 44395

45 | 45770

46 | 46811 23 46509 6 46811

47 | 47851 12 48059

48 | 48891 24 48623

49 | 49931

50 | 50972 25 50737

51 | 52012 13 52428

52 | 53052 26 52851

53 | 54092

54 | 55133 27 54965

55 | 56173 7 56173

56 | 57213 28 57079 14 56797

57 | 58253

58 | 59294 29 59193

59 | 60334

60 | 61374 30 61307 15 61166

61 | 62414

62 | 63455 31 63421

63 | 64495

64 | 65535 32 65535 16 65535 8 65535 4 65535

APPENDIX — page 190




A100 METROLOGY

SET-UP CONDITIONS TEXT SAMPLES - e TEXT SAMPLES
Examine the contained pictures and patterns (gray scales are 32
levels). Adjust the display settings (contrast, brightness, etc.) to
obtain the most acceptable performance according to how the
display is intended to be used. Unless specified otherwise, the
settings established with this method shall not be changed during
the course of the measurements which follow; that is, it is not
permissible to optimize the display for each measurement

“The qick brown fax jumps over thelazy dog, 0123456789 The quick brown fox jumps. 0123456789
‘The quick brown fox jumps over thelazy dog. 0123456789
The quick brown fox jumps over the lazy dog. 0123456789
The quick brown fox jumps over the lazy dog. 0123456789 The quick bro
The quick brown fox jumps over the lazy dog. 0123456789 The quick brown umps over the lazy dog. 0123456789

performed. The quick brown fox jumps over The quick brown fox jumps over
the lazy dog. 0123456789 the lazy dog. 0123456789
The quick brown fox jumps over The quick brown fox jumps over
the lazy dog. 0123456789 the lazy dog. 0123456789

Use upicaton o aher

Ot Compter

Slide 1. Explains the use of the Slide 2. Positive of text (black text ~ Slide 3. Negative of text (white
setup slides and how the 32-level  on white screen, like paper). text on black).
gray scale is established.

1996 Autodesk, Inc:*

Thisimagew:

Slide 4. Faces will likely restrict ~ Slide 5. Mountain scene. If Slide 6. Autumn scene, many
the range of adjustment to a adjustment is available thisscene  darks, but a wide range of
smaller range than the will likely allow a wide range of adjustments will be tolerated

adjustment for a good gray scale  adjustment and still be acceptable.  here as with the mountain scene.
only.

32Gray Levels

[, PP- 580-582) De*Aot us
ction, rather SBEEPDMS

-

Slide 7. Presentation of 32 gray Slide 8. Pattern based upon Slide 9. Sepped gray levels for

levels. Gray scaleson the borders  SVIPTE RP 133-1991 with quick measurement of gray scale.
can reveal viewing angle modifications.. Note: thisis not an accurate way
problems. to measure gray scale because of

nonuniformities.

Slide 10. White full screen. Slide 11. Black full screen. Slide 12. Dark-gray full screen.
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LOADING LOADING

Slide 13. Saturated color barsin  Slide 14. Ends of gray-scale on Slide 15. Ends of the gray-scale

increasing luminance fromleftto  black screen. Look for loading on white screen. Look for loading
right. effects. effects.
e LA T T g
< o -
TIHI&H__HM\\II\_
I [T TYTI [TYT 11 I
— = —
s=diIRENRSCRERAREACE
Slide 16. Stepped gray levels Slide 17. Centering and alignment ~ Slide 18. Negative of slide 12.
(32). Duplications are easy to target for 5, 9, and 25 sampled
see. positions. Small circles are 3% of

diagonal, large are 5%.

Luminance meter! What
do you mean? ... I can't
call it a photometer any
longer?!
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Al112-2 Patterns for Suite of Basic Measurements

Here are types of screens used in the measurements contained in the SBM.

302-1 Luminance and Color of Full-Screen White

302-2 Luminance and Color of Full-Screen Black

302-4 Color Gamut of Full Screen

cje
302-5 Gray Scale of Full Screen Illl[

__
=l
il

303-4 Shadowing (Gray Scale Artifacts)

@ A100

305-1 Response Time -

N
A\

A
B ¢ 2
E

306-1 Sampled Uniformity of White

306-2 Sampled Uniformity of Black

306-4 Sampled Uniformity of Color

307-1 Four-Point Viewing Angle Check

308-2 Ambient Contrast

N |-1-]

401-1 Power Consumption

402-1 Frontal Luminance Efficiency

(use 401-1 with white screen)

Note on 303-4: The last three screen patterns are examples. Y ou must change them according to the worst-case
observed in the first eight patterns. It was not pratical to include all possihilities (it would require 560 imags).
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A113 AUXILIARY LABORATORY EQUIPMENT

In addition to the LMDs used to perform the colorimetric measurements in this document and any signal
generation equipment, oscilloscopes, and other electronics, there are several other objects and instruments which
are mentioned and are found to be useful.

SOURCES OF UNIFORM AMBIENT ILLUMINATION:

Usually these are used in characterizing the reflection performance of aDUT (see 308 Reflections). This
is difficult to do without using an integrating sphere. A hemispherical structure larger than the display with several
illuminators (at least two) that can be placed behind the plane of the surface of the screen may suffice depending
upon what is to be measured. By using a variety of configurations you can also approximate such uniform ambient
sources. How careful one needs to be depends upon the reflectance properties of the screen being measured. A
polystyrene foam picnic cooler may be tried as well. Remove the lid and turn the opening facing the display on the
perpendicular. A measurement aperture can be cut in the back (bottom) to permit measurements. Two lamps near
but behind the plane of the display surface should allow you to illuminate the interior of the box relatively
uniformly. Be careful that the lamps don’t heat the display and affect performance. Some have been able to find
hemispherical polystyrene structures that are smaller than the screen, but they add discrete light sources at the
edges of the hemisphere so that the lights don’t directly illuminate the screen (using a baffle). Methods using a
small integrating sphere are under investigation.

UNIFORM LIGHT SOURCES

Integrating Sphere Light Source: An
integrating sphere light source can be useful in several
ways: 1) It can provide a source of calibrated
luminance provided, of course, that it has been
properly calibrated. 2) It can provide a source of
luminance which is uniform over the exit port.
Conventional wisdom suggests an exit port diameter
of 1/3 the sphere diameter or less will providea+1 %
to £2 % nonuniformity of luminance across the exit
port if the interior of the integrating sphere is covered with a
diffuse white reflectance material having a 96 % reflectance or [—— : —\
greater. This source is very handy for many diagnostics (see ' Baffle * Lid *
A101-1, A106, A107, A109 for examples). If you are focusing
on the source, always focus on the exit port of the integrating

Photopic
Photodiode

Lamp

sphere. If it iswell designed, its stahility over long periods of Wire Supports
time can be impressive, and its uniformity can hardly be .
replicated with other sources. A real pleasure to use. Exit Port

Small Polystyrene Cup Source: The light sourceis
constructed from an ordinary white foam-plastic (polystyrene)
cup, an opal glass, and a3V to 6 V halogen flashlight lamp. A
hole is made in the base of the cup through which the halogen
lamp is placed. A white baffle just large enough to mask the * Polystyrene Aluminum Foil
bulb from shining directly on the hole for the opal glassis
suspended in front of the lamp by human hair, wire, or thread
(use aminimum of three to support the baffle). The purpose of
the baffle isto prevent any hot spot of the halogen lamp from
imaging on the opal filter. The opal glass produces a quasi-
uniform diffuse light source. This source will not have the
uniformity or the stability of a well-designed integrating-sphere q @
source. If you attempt to adjust the luminance by changing the
current through the bulb you will also change the spectral
distribution of energy in the emitted light.

Opal
Glass

End

N
* Polystyrene
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Picnic Cooler Polystyrene Sour ce: Picnic coolers made of white polystyrene foam can be used to make a
relatively uniform large-diameter source (150 mm diameter). A large hole (150 mm diameter or so) can be cut in
one of the sides at the long end of the cooler. In the two interior corners at the top of the cooler (where the lid is
placed) position two tungsten-halogen bulbs away from the foam surface (so it doesn’t melt). Position a white
baffle (from afoam cup) in front of the bulb (but not too close) so that the bulb does not directly illuminate the
interior face opposite the hole. Wrap the exterior surface and the exterior surface of the lid with aluminum foil (or
paint it if you can) to make the box opaque. This source can exhibit about a5 % uniformity across the exit port
(hole). When focusing on the source, always focus on the plane of the exit port and not the back of the box. This
way, small imperfections will be out of focus and less problematic.

Box Source: A large box (cube) with itsinterior painted with the
brightest matte white paint available in a hardware store can be used for alarge-
diameter source. The exterior is usually painted matte black. A holeis cut in the
center of one face and a large fluorescent circular light is placed behind the hole.
Unless the fluorescent light is powered with high-frequency ac (as are many
LCD backlights), there will be a power-frequency oscillation that can affect short
measurements. Similarly, properly baffled tungsten-hal ogen bulbs may also be
used with dc power. The bulbs can be placed in each interior corner of the face
with the hole. The bulbs should be mounted away from the painted surface since
they get rather hot. Place around white flat baffle (made of polystyrene foam, for
example) in front of the lamp so that the lamp doesn’t directly illuminate the interior face of the box opposite the
hole. Be careful not to place the baffles to close to the hot bulbs.

RONCHI RULING:

A Ronchi ruling is a glass substrate with black opaque (or chrome) lines of width equal to the line spacing
between black lines. They are used to: 1) test for adequacy of spatially-resolved high-contrast luminance
measurement capability, and 2) provide spatial calibration of an array photodetector.

NEUTRAL DENSITY FILTERS:

Neutral-density filters (NDFs) are used to decrease high-intensity light from overdriving or saturating the
LMD and to extend LMD measurement integration time to avoid temporal aliasing with arefreshed display. There
are generally two types. One is made of semi-transparent glass, and the other is made from evaporated metals. The
deposited metal types tend to modify the spectrum of the transmitted light to a much lesser degree than some of the
semi-transparent glass materials, however they sometimes have small pinholes or can be scratched if they are not
coated with a protective coating. Keep the spectral modification in mind if either accurate photometric or
colorimetric measurements are to be made for the density of the filter can change with the spectrum of the
illumination. The transmittance T = Lypr /L iS related to the density D by: T = 10", D = logT ° log;oT.

REFLECTANCE STANDARD:

Diffuse white reflectance standard samples can be obtained with luminance factor of 96 % or better. Some
materials can be carefully sanded (some require water with the sanding) or cleaned to refresh the surface back up to
its maximum reflectance should the surface become soiled or contaminated. Such reflectance standards can be used
for: 1) Measurements of darkroom quality in the vicinity of the display surface. 2) Measurements to determine the
reflectance properties of the display surface. 3) Measurements of illuminance from a luminance measurement of
the standard (E = pLga /r 40)-

CONE LIGHT TRAP:

These can be made from thin black gloss plastic. They can
be used to provide a source of deep black for determining the zero
offset of any instrument. Round cones are best (shown), but square
cones are also useful. For the best performance it is helpful that
there not be adimple at the apex to reflect light. With plastic it is
possible to squeeze the apex flat and bend it around upon itself to
avoid the dimple.
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GLOSSBLACK PLASTIC:

Gloss-black plastic is used to make cone masks, flat masks, replica masks, light traps. These items are
useful in diagnosing glare and other problems in the optical system. Such black targets serve as reference blacks
provided they are not reflecting illuminated areas in the room into the LMD. These can aso be used to cover
reflecting surfaces. Vinyl plastic having athickness of 0.25 mm (0.010 in) is easily shaped, bent, and cut with
scissors or aknife. Vinyl plastics having a thickness of 0.75 mm (0.030 in) are stiff and best for making flat
surfaces that you don’t want to bend easily. Check local listings for plastic suppliers to obtain sheets.

MATTE BLACK PLASTIC:

Matte-black plastic is used in making masks and black targets to diagnose glare or other problems where a
gloss black target isimpractical or would reflect too much light into the lens, for example, when the lensis very
close to the target. These can also be used to cover reflecting surfaces. Vinyl plastic having athickness of 0.25 mm
(0.010in) is easily shaped, bent, and cut with scissors or aknife. Vinyl plastics having a thickness of 0.75 mm
(0.030in) are stiff and best for making flat surfaces that you don’t want to bend. Check local listings for plastic
suppliers to obtain sheets.

CHOPPER :

A chopper is useful in running diagnostics on temporal response
measurements of light detectors used in conjunction with a stable laser.
Additionally, a clear plastic disc can aso be mounted instead of the copping disc
for reducing the coherence of alaser beam (to reduce the speckle in the reflected
light, for example). Spray the disk with a workable fixative available in an art
supply store heavier on the outer diameter (hairspray might work as well). Pass
the laser beam through the spinning disk at aradius that provides the least
speckle in the reflected light distribution but retains a narrow enough beam to be
useful. Choppers are available through optical supply companies. Note that this
is not a shutter as would be used in a single-shot camera; a chopper and a shutter
are different things.

POLARIZERS:

These are helpful in making diagnostics on the light detector’s
sensitivity to polarization. Several types are available from polarizing plastic sheet films to polarizer filters used
with common cameras to high-quality prism polarizers. For most of the purposes of this document the inexpensive
kind available at a camera shop will be adequate for diagnostics. If you get the plastic film type, be sure that they
are not significantly colored like amber or brown. These are available from optical supply companies or camera
stores.

LASERS:

The ssimple and readily available He-Ne red laser (632.8 nm) is a useful tool for aligning optical systems
and devices and for diagnosing the temporal response of the light detector that is used in conjunction with a
chopper. If the laser isto be used for light measurements in some way (e.g. BRDF measurements or temporal
response measurements) it should be a stable laser, and these are considerably more costly than unstabilized lasers.
The inexpensive He-Ne lasers are not usually very stable. Attention should also be paid to the polarization state of
the laser beam if the laser will be used for measurements. It is best to get the randomly polarized lasers to avoid
problems of polarization. The unpolarized laser beam can be polarized using an inexpensive polarizer from a
camera shop. These are available through optical supply companies.

LED & PULSE GENERATOR:

A fast LED and afast pulse generator that can create pulses with fast risetimes can be used to generate
light pulses with fast risetimes to test the temporal response of an LMD like a photodiode or photomultiplier. LEDs
are obtainable in avariety of colors, but be sure that the LED used is fast—high-speed LEDSs are available with
risetimes of 10 ns or less. How fast the LED needs to be depends upon the display technology. Pulse generators are
available through electronics suppliers and equipment manufacturers. LEDs are commonly available from
electronics parts suppliers.

196 APPENDIX — page 196



A100 METROLOGY @ A100
BLACK FELT:

Black felt isafabric that is usually blacker than most other flat-black paints and materials. It has a
tendency to shed its fibers, however, so care must be exercised when using it around surfaces that need to be clean.
This is available through optical supply companies or fabric companies.

FLOCKED BLACK PAPER:
Flocked black paper is blacker than most flat-black paints, but not as black as black felt. It has a surface
that is somewhat like a fine-grained velvet. Thisis available through optical supply companies.

BLACK TAPE:
It is best to use the black masking tape rather than black electrician’s tape because electrician’ s tape may
be semitransparent to IR. Optical supply companies or art supply stores offer black masking tape.

RESOLUTION TARGET:

NIST 1010a and an Air Force resolution target can be useful for examining the effects of veiling glare for
high-magnification optical systems and for determining the magnification of an imaging system (number of
detector pixels per millimeter of the image). These are available through optical supply companies.

Al114 HARSH ENVIRONMENT TESTING

For testing of the display outside the default ranges of humidity, temperature, and pressure accommodated
in this document it is left up to the user to determine if their measurement equipment is suitable for the harsh
environments of interest. This section outlines some of the difficulties that may be anticipated in making these
measurements. There are several configurations of the measurement equipment and the display that will be
discussed. Goniometric measurements can be performed by moving the measurement equipment or moving the
display. Usually, there is a chamber that provides the desired environment for testing the display. Probably the
easiest way to seeif the chamber has any effect on the measurements is to measure the display in a properly
darkened room without the chamber, then re-measure the display in the chamber under similar conditions of
temperature, humidity, and pressure as found in the room. Problems with reflections or measurements through any
glass will be indicated and presumably correction may be made to the readings. This assumes that the display
doesn't change its characteristics dramatically when under harsh environments; should the display change greatly,
then the corrections obtained with and without the chamber may not be entirely appropriate. Here is where direct
testing and characterization of the measurement system with and without the chamber would be required.

Should it be found that the reflections from the interior walls or glass window affect the measured results,
steps can be taken to reduce the reflections. The user may wish to either coat the interior surfaces with aflat black
paint (if thiswon't affect the performance of the environmental chamber) or hang black felt on the interior
surfaces. The black felt is appealing since it is usually darker than flat black paint and it can be removed. These
precautions may reduce the amount of reflections so they don't affect the measurements.

ALL DEVICESIN THE CHAMBER:

Both the measuring equipment and the display can be in an environmental chamber. In this situation, the
measuring equipment needs to be able to perform within proper specifications for the range of environments that
will be explored. If the measurement equipment changes its performance with a change in environments, then
corrections must be made to the measurements accordingly. If the manufacturer doesn't supply such corrections (if
needed), then the user will need to obtain them via experimentation and testing. An integrating-sphere light source
and suitable paints may be useful for such testing, though the temperature may affect the performance of such
sources. Glass filters must be used with caution since their transmission characteristics are usually sensitive to the
absolute temperature. Fiber optic sources may be suitable for testing provided their transmission characteristics are
either unaffected by or can be corrected for different temperatures.

MEASUREMENT EQUIPMENT OUTSIDE THE CHAMBER:

If measurements are made by equipment outside the chamber then there must be a window through which
measurements will be made. Again, the best way to see how much the window affects the measurements is to make
the same measurements on the display with and without the chamber (set at the same environment as the room).
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Likely there will be areduction of luminance because of the glass reflecting light back into the chamber, so a
correction will be needed. There is also a possible effect from the polarization of the emitted light from the display
interacting with the window differently than unpolarized light. A polarizer and a uniform light source can be used
to diagnose polarization-induced luminance errors at various angles through the window (see Polarization Effects
Diagnostics in this section for more information).

DISPLAY AND GONIOMETER IN CHAMBER:

The measuring equipment is outside the chamber, but the display and the goniometer are placed inside the
chamber so that the display is rotated. If the display is rotated in the horizontal plane (about the vertical axis),
there is generally no change in the display performance; but when the display is rotated in the vertical plane, the
user must be sure that the display doesn't change its characteristics because of the change in direction of gravity
relative to the display. Under extremes of temperature and under vacuum operation care should be exercised that
the positioning equipment (goniometer) is suitable for that task.

DISPLAY IN CHAMBER:

The display can be in an environmental chamber and the measuring equipment capable of making
goniometric measurements are outside the chamber. For measurements made through the glass at an angle, there
may be polarization effects encountered and reflection complications. By comparing measurements made with and
without the chamber at the same conditions of humidity, temperature, and pressure, corrections should be able to
be made for any anomalies.

Al115 ESTABLISHMENT OF PERPENDICULAR

A115-1 Displays with Specular Reflection:

Some display surfaces have aregular specular component of reflection (mirror-like /\
producing a distinct image). When this is the case, the image of the lens of the LMD can be

seen in the surface of a black screen. If the reflection of the lensis difficult to see, you can

put a polystyrene foam cup with its bottom cut out over the lens to make the lens more

visible in the reflection. Be sure to focus on the image of the LMD and not the screen

surface (for this setup only, generally we always focus on the screen). Alignments within \/

better than 0.1° with the perpendicular of the screen are readily possible this way. Visible virtual image
of LMD centered in

A115-2 Mirror Held on Surface of Display viewport of LMD

DANGER: This method touches the screen. Be sure that the screen is capable
of such rough handling before touching the surface. A thin mirror placed against the face
of the DUT will permit you to view the lens of the LMD in the display surface and adjust

DAMAGE

the rotation of the display until the image of the lensis centered in the viewfinder. Be TO DISPLAY
careful no to damage the surface of the display in either holding the mirror against the POSSIBLE

surface or attaching it temporarily to the surface of the display. Some display surfaces are
dlightly flexible and a mirror will deform the surface making this method unsuitable.

A115-3 Mechanical Alignment

DANGER: This method might touch the screen. Be sure that the screen is
capable of such rough handling before touching the surface. Here you use agood level to N
assure that the screen if vertical and that the optical bench is horizontal. If the screen will DAMAGE

permit alevel to touch its surface (and be otherwise handled) then you can place the level TO DISPLAY
directly on the surface of the screen. If you can’t touch the screen, you might be able to POSSIBLE

trust that the surface of any surrounding bezel is parallel with the surface of the screen,
but that’s arisky assumption. If the LMD is also level, then getting within 0.3° should be possible if you are
careful.
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A115-4 Alignment with Optical Rail
If theLMD isonan

optical rail that points toward the B

display, it may be important that A

the rail is perpendicular to the a

surface of the screen. Thus the b

LMD can be moved back and forth

along the rail without changing

the position of the observation spot

on the display. Such an alignment can be accomplished using a laser beam. An inexpensive He-Ne laser will do.
Using a beam steering device, mirrors A & B (available from optics suppliers, mounting not shown), make the
laser beam at the desired height of the LMD lens position. Make two targets with a small hole in their centers.
Each target can be placed within aring (not shown) mounted on a carriage (for the rail, not shown) and its position
adjusted with screws. The position of the laser beam nearest the beam steering device (B) should be at the height of
the target. Move the target (a) near the beam steering device and adjust the mirror nearest the laser (A) so that the
laser beam goes through the hole in the first target (a). Adjust the second mirror (B) so that the beam goes through
the second target (b). This can also be accomplished using one target. When the target is near the beam steering
device adjust the mirror furthest from the target or nearest the laser (A). When the target is down the rail away
from the beam steering device, adjust the mirror closest to the target or furthest from the laser (B). By going back
and forth, the adjustment will converge on the laser beam being exactly at the level of the hole in the target and
exactly parallel to therail. Thislaser beam can now serve as a pointer to the center of the screen. The reflected
laser beam, if there is a specular component of reflection, will now reflect back toward the rail. With the laser
beam going through the target placed at the end of the rail nearest the display, the reflected beam will hit the front
of the target (facing the display) as the display’ s normal approaches the direction of the laser beam. When the laser
beam folds back on itself, then the display surface is exactly perpendicular to therail (the laser beam is shownin
the figure to fold back alittle high above the hole for illustration purposes). The LMD can now be adjusted so that
it looks parallel to therail. Use atargets at close focus and at the end of the rail. Adjust the position and rotation of
the LMD until the target can be moved up and down the rail and the LMD always focuses at the center of the
target.

A115-4 Rugged Displays Without Specular Reflections

DANGER: This method touches the screen with objects and perhaps liquids. Be
sure that the screen is capable of such rough handling before touching the surface.
Displays that don’t exhibit aregular (mirror-like producing a distinct image) specular
reflection, yet are rugged enough to permit touching the surface can be temporarily

DAMAGE

modified to permit optical alignment. An alternative to using amirror isto use a glossy ggggﬁ;ﬁé

plastic wrap material available in grocery stores. Such plastic may stick to the surface of
the display sufficiently and threaten it the least. The reflection of the LMD lens may be observable by means of the
gloss-plastic covering. Y ou can place a small white target in front of the center of the lens or put a white shroud
around the lens if it is difficult to see. If the surface is very rugged and can be washed with water, you can try some
hair gel or glycerin between the clear plastic and the surface of the screen. Then smooth the surface with aflexible
and soft squeegee (the free end of a pad of paper might work—without the cardboard). If that rugged surface of the
screen is not very flexible, then a microscope slide or a cover glass might aso be used with the gel to define a
distinct-image specular surface. The gel or liquid used can be removed with water. When cleaning use distilled
water if possible and a soft cloth or lens tissues. Paper towels, etc., can put small scratches in the surface of the
screen—be careful. Again, use these methods only if the surface of the display is designed for such rough
treatment.
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A115-5 Fragile Displays Without Specular Reflections

If there is not a regular specular component (mirror-like producing a distinct-image) of reflection from the
display surface and if no part of the surface of the display can be touched in any way, then it is difficult to
determine when the display is exactly perpendicular to the optical axis of the LMD. It may be possible to used
crossed laser beams with a positioning system that has been carefully aligned with the optical axis of the LMD or
therail for the LMD. Intersect the laser beams at the center of the surface of the screen and make transverse
excursions of the display using the positioner. When the laser beams remain intersected at a point for all
excursions of the display surface, then the display surfaceis aligned properly.

If the display surface has a sufficiently peaked haze component of reflection (not creating a distinct image
but obvioudy brighter in the specular direction), then it may be possible to see a fuzzy reflection of a polystyrene
foam cup with its bottom cut out over the lens to make the lens more visible in the reflection. Another trick isto
place a point light source like a bare flashlight bulb at the center of the LMD lens with a small opague mask to
prevent light going back into the lens. Then attempt to see the fuzzy spot on the reflection of the display and align
the display so that the fuzzy spot is centered in the LMD viewfinder—centered over the measurement aperture. If
the LMD ison arail so that it can be moved closer
to the display, and the LMD is aligned parallel N
with therail, it may be easier to do this with the
LMD and light closer to the display than it will be
when the measurement is made. Alternatively, you
might be able to place the bulb just directly below

the lens of the LMD (or to the left) and align the \_/

f ot directly above (or to the right of) the
by PO CUTECTY ehov ( ight of) Views with

flashlight in
two positions

j—\

—
They should have specified
that everybody buy the

same measurement meter,
then everybody would get

the same results.

' T don't know why they had to
make everything so
complicated...

My nit is bigger
RUSTIC METROLOGY than yours!

b
A
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A200 TECHNICAL DISCUSSIONS

This section is a catch-all section to provide various tutorials:
photometry and colorimetry, some photometric calculations to help the
reader gain familiarity with what most would consider to be as some very
strange units (cd, 1x, Im, etc.), and methods of optical analysis (OTF &
MTF, etc.). It is our experience that many use photometry terms without
really understanding them as fully as they would like. We hope this
section helps.

There are a number of study problems presented here. These are
intended to be examined with pencil in hand, working with the material
as the description develops.

A201 PHOTOMETRY AND COLORIMETRY SUMMARY

Photometry is the science of measuring visible light based upon the response of an average human
observer. The primary unit of visible light power (luminous flux) used in photometry is the lumen. One watt of
radiant flux at 555 nm is equivalent to aluminous flux of 683 lumens. Luminous flux (lumen) is defined as radiant
flux weighted by the 1931 CIE Standard Observer function and can be calculated by the following formula

830
Luminousfluxinlumens F = k aS(1 V(1 )di
360
where:
S(I) = Absolute spectral radiant flux in W/nm
V(1) = The spectral luminous efficiency for photopic vision. It is based on the 1931 CIE

standard observer human vision model having the spectral responsivity of V(1) for
afield-of-view of 2°.

k = 683[Im/W] = Conversion factor from watts to lumens at the peak of V(1)

d = Dataincrement (nm)

As the equation shows, it is possible to measure light in the visible range with a filter/detector combination that
matches the photopic function V(1 ) and get photometric quantities. Thisis the basic principle of luminance meters.
An aternate method, such as used with spectroradiometers, is to measure the spectral radiant flux and integrate the
spectrum mathematically with V(1) to obtain the photometric quantities. From this equation, you can get
illuminance (Ix) from (1) given as the spectral irradiance (W m? nm™), and you can get luminance (cd/m?) from
S() given as the spectral radiance (W sr™* m? nm™).

There has been a tendency to associate the luminance with brightness, but this association is misleading.
“Brightness’ was at one time used as for luminance, but that is no longer the case. Brightness is the visual
sensation of human eyes, and the eye's response to light is nonlinear (see Section A209), whereas luminance metric
islinear (luminance meters have alinear response to light). More significantly, lights that are highly chromatic
can appear brighter than white lights of the same luminance. The main experimental foundation of the V(1)
function (which was already standardized by the CIE in 1924) was not brightness matching but flicker sensitivity.
The visual system isfar less sensitive to temporally aternating lights when these lights have the same [uminance.
By alternating two monochromatic lights and varying the intensity of one of them, equal luminance is defined as
the condition of least sensitivity to the flicker, i.e., lowest temporal frequency for which the visual system failsto
see the flicker. It happens that spatial acuity and certain of its corollaries (such as legibility of print) are aso
determined principally by luminance (see P. Lennie, J. Pokorny, and V. C. Smith, Luminance, J. Opt. Soc. Am. A,
Vol. 10 (1993), pp. 1283-1293). Given that the luminance predominates in determining sensitivity to flicker and to
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spatial detail, luminance is amost certainly a basic visua channel, and luminance is an important aspect of light,
quite apart from the colorimetric role of V(1 ) described below.

PHOTOMETRIC UNITS

Three of the most important terms used in photometry are luminance, illuminance and luminous intensity
(see the following sections for more explanations). Although it would be logical to choose the lumen as the
photometric base unit, the unit of luminous intensity, the candela, retains that role for reasons of tradition. The
candela was defined as the luminous intensity of 1/60 of 1 cm?of the projected area of a black body radiator
operating at the temperature of the solidification of platinum (2045 K). Thisis no longer the definition. Since 1979
the candela is the luminous intensity, in a given direction, of a source that emits monochromatic radiation of
frequency 540 © 10™ Hz and that has a radiant intensity in that direction of (1/683) W sr*. The candelais defined
in terms of the lumen by:

1 candela= 1 lumen per steradian

The lumen is the luminous flux emitted per unit solid angle from an isotropic point source whose luminous
intensity is 1 candela. Most lamps that are manufactured are rated in total lumen output. The solid angle is
measured in steradians, and a steradian is the solid angle (cone) at the center of a sphere of radiusr that subtends
an arear 2 on the surface of the sphere. Since the surface area of a sphereis 4pr 2, the solid angle of asphereis4p
steradians.

Luminance is the most commonly measured photometric quantity and is required whenever it is
necessary have some quantitative indication of how bright an object can appear to the eye. Luminance is defined as
the luminous flux emitted from a surface per unit solid angle per unit areain a given direction and it is therefore
the luminous intensity per unit area. The unit of luminance is the candela per square meter (cd/m?) in Sl (metric)
units (this unit was at one time called a“nit” but that is considered improper currently—the nit is a deprecated unit)
or the footlambert (fL) in English units.

1 cd/m® = 1 lumen per steradian per square meter
1fL = (Lp) lumens per steradian per square foot

The conversion factors are

1cd/m? = 0.2919fL (pft¥/m? = 0.2918635)
1fL = 3.4263 cd/m® (m?pft® = 3.426259).

[lluminance is the term used to measure the luminous flux incident on a surface per unit areaand is given
in lumens/square-meters (Im/m?). It is required when it is necessary to know how much light isfalling on a
surface, such as when illuminating a projection screen. The SI (metric) unit of illuminanceis the lux (Ix) or
footcandle (fc) in English units.

llux © 11x © 1lumen/ square meter
1footcandle © 1fc ° 1lumen/ square foot

The conversion factors are

11x = 0.0929fc (ft¥m? = 0.09290304)
1fc = 10.76 Ix (m?ft? = 10.76391)

Luminousintensity (or “candlepower,” an obsolete word) is the luminous flux per unit solid angle
emitted or reflected from a point. Thisis the quantity to describe the intensity of alight source in a specific
direction. Since a point source is assumed, luminous intensity can be measured and used only at distances where
the size of the source is negligible. LEDs are often characterized by luminous intensity and assumed to be point
sources. The unit of luminous intensity is given in lumens/steradian (Im/sr) and it is called the candela. Table 1
lists important radiometric quantities, units, and their photometric equivalents.

202 APPENDIX — page 202



A200 TECHNICAL DISCUSSONS

ey

Table 1. Photometric and Radiometric Terms and Units
s = steradian, Im = lumen, W = watt, m = meter, cd = candela, fL = footlambert, fc = footcandle
Radiometric Radiometric Unit || Photometric Term Sl Unit English Unit
Term

Radiant flux watt (W) Luminous flux lumen (Im) lumen (Im)
Radiant Intensity watt/sr (W/sr) Luminous intensity | candela (cd =Im/sr) | candela(cd = Im/sr)
Radiance W/sr/m? L uminance cd/m? footlambert (fL)
Irradiance W/m? lluminance lux (Ix = Im/m?) footcandle (fc)

Perfect reflecting diffuser: It is sometimes important to be able to transform illuminance as measured by
an illuminance meter facing outward from a VDU screen into an equivalent screen luminance as measured by a
luminance meter directed at a perfectly reflecting diffuser (Lambertian 100 % reflecting white surface) in the
ambient light that was measured by the illuminance meter. If the screen were Lambertian with 100 % reflectance,
and there were no absorbing faceplate, then there is aluminance equivalent to each illuminance unit (here, the
symbol “« " means “produces’ or “is produced by”):

11x « (Up) cd/m?® (for perfect Lambertian white surfaces only).

The equivalent expression in English units avoid the 1/p factor—a simplification that encourages some to yet use
the English units to this day—this is not recommended in this document.

1fc« 1fL (for perfect Lambertian white surfaces only);

To avoid the 1/p factor, people (in the past) used a direct luminance equivalent of 1 Ix called the apostilb, but this
isnot an Sl unit, and should be avoided except for historical reasons. For further conversion factors and other units
of light measurements, see [7] G. Wyszecki and W. S. Stiles, Color Science (Wiley, 1982), p. 251.

Converting photometric units: Suppose you need to have the luminance expressed in cd/m? but it is
given to you in fL, you have the table below, but get confused asto how to useit. Hereis a ssimple way: Multiply by
one, where the denominator has the unit that you want to eliminate and the numerator has the unit you want to use.
Thus, if you're given a screen luminance as 37.5 fL and you want Sl units...multiply by one...

cd/m?

375fL*1 = 37.5fL * 3.4263 = 128 cd/m?

Similarly, given an illuminance of 24.9 fc, what is the illuminancein lux?

249fc = 249fc* 1 =249~ 10.76:(—X
Cc

... multiply by one...
=268 Ix.

Sl (Metric) and English Photometric Conversion Table
. cd/m? = Im/sr/m? fL = Im/sr/ft Ix = Im/m? fc = Im/ft?
1 cd/m? = 1 Im/sr/m? 1 0.2919
1fL = 1 Im/sr/ft? 3.4263 1
1Ix = 1Im/m? 1 0.09290
1fc=1Im/ft? 10.76 1
origin of number: | m%/p/ft? = 3.426259... |pft’/m? = 0.2918635... | m*/ft* = 10.76391... |ft?/m? =0.09290304...
1=® 3.4263 59/’ 02019 - 1076 % 0.09290 ¢
cd/m? fc Ix

COLORIMETRY

Colorimetry is the scientific quantification and measurement of color. CIE Tristimulus colorimetry is the
most common system used to quantify the color of displays, and it is based on the assumption that any color can be
matched by a suitable combination of three primary colors ("stimuli")—generally red, green and blue. Once unit
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primaries have been
defined, the gains on these
quantities needed to match 0.8 /.\ .
agiven light are called that \
For any set of 0.7 1250
primaries in a matching
experiment, the tristimulus r
values of monochromatic 0.6 .
lights trace out three )
functions called the color- y
the observed linearity of
human color matches, it
follows that a change in 0.4
primary lightsis equivalent :
to asimple linear
matching functions for the
first set of primaries. In
1931 the CIE standardized
asingle set of functions 0.2
that no longer relied on
in a particular matching 0.1
experiment, but
summarized many 450 4
eXperImentS_The 0.0 L bl \HH\QO
tristimulus values of alight 00 01 02 03 04 05 06 0.7 038
Y, Z, computed as
wavelength integrals of a spectral density of the light being measured (1 ) weighted by three visual sensitivities
X(1), y(), z(1)and multiplied by a constant k. The constant k can convert radiometric watts to lumens, or it
can be used to normalize the tristimulus values to 100 with no units (some have normalized to one instead). See the
table.
Any two lights that have the same values of X, Y, and Z are defined to match (be the same color)
according to the 1931 standard observer. Incidentally, the function y (I ) isexactly equal to the function V(I )

defined in 1924 for photometry. [Seethe origina CIE publication on color, CIE Publication No. 15.2, Colorimetry
(1986). For further details on the history of the 1931 CIE system and how the previously defined photometric V(1)
was incorporated, see H. Fairman, M. Brill, & H. Hemmendinger, Color Res. Appl. 22 (1997), 11-23/]

Over the years the CIE standardized several color spaces derived from the 1931 XYZ space, but in which
equal distances in different parts of the space represented perceptual differences that were approximately equal.
These were called uniform color spaces, and were especially useful in assessing color gamuts and the magnitudes
of colorimetric errors.

Below isasummary of various CIE color spaces that have been used to evaluate displays. For detailed
information including tables of color-matching functions, see [7] Color Science: Concepts and Methods,
Quantitative Data and Formulae, Gunter Wyszecki and W.S. Stiles, 2nd Edition (1982, John Wiley & Sons) [7].

1931 x, y - CIE Chromaticity Values. These values are two-dimensiona Cartesian coordinates that derive from

X, Y, Z tristimulus values, in such away that lights with the same relative spectrum but different intensities occupy
the same (X, y) point. Hence the chromaticity values represent the colorimetric aspects of alight that are
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Because z is redundant in chromaticity description, it is
usually suppressed in favor of atwo-dimensiona plot of (x, y).
In the CIE 1931 plot the curved line within the spectrum locus is the Planckian locus marked in

temperatures of thousands of kelvins. The spectrum locus is labeled in increments of 50 nm. This s the color of
white as the temperature of a (perfect)

emitter isincreased to an infinite

temperature. This observation givesrise
to the concept of color temperature as
being a way to characterize the “level” of

white.
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PHOTOMETRIC Y
(Only Y isthe photometric quantity.)

(1) isillumination spectral density

830nm

360 nm

Y=k ¢S()y()d , where k=683Im/W

if S1)isin unitsof ...

then Y isinunitsof ...

radiant flux (W/nm)

luminous flux (Im)

radiance (W/nm/sr/m?)

luminance (Im/sr/m? = cd/m?)

irradiance (W/nm/ m?)

illuminance (Im/m? = Ix)

TRISTIMULUSVALUES

General Case, Not Normalized

() isillumination relative spectral density in (nm)?, k is any convenient constant, e.g., k=1

830nm

360 nm

830nm

X=k SU)X()d , Y=k §S()y0)d, Z=k &S()Z()d ,

360 nm

830 nm

360 nm

NORMALIZED TRISTIMULUSVALUES —BASED ON WHITE POINTS
Normalization shown at 100, any other normalization constant may be used as desired.

For Reflection and Transmission:

b(1) isrelative reflection or transmission spectral density, S ) isillumination spectral density

830nm

830 nm

X=k gp()SO)XM)d , Y=k gp()SI)¥0)d, Z=k g(1)S()z()d

830 nm

360 nm 360 nm 360 nm
S() in any units No unitsfor X, Y, Z €830 ot
(W/nm...2...) maximum of 100 for Y k=100 S()y()d u
8360 nm H
For Emissive Displays
1) is spectral density of di white, C(1) is spectral density of di color
is spectral density of display white, C(1) is spectral density of displayed col
830 nm 830 nm 830 nm
X=k aCO)X()d, Y=k &C0)¥0)d, Z=k aC()z()d ,
360 nm 360 nm 360 nm
(1) and C(1) in any (but No unitsfor X, Y, Z ¢830mm ot
same) units (W/nm...?...) maximum of 100 for Y kzloog oSy )d E
360 nm
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1960 u,v — Uniform Chromaticity Scale (UCS). An early uniform-color space, one of whose drawbacks was
that it had only two dimensions. This space—a proper chromaticity space derived from linear combinations of X,
Y, Z, isnow used only for calculating correlated color temperature (CCT; see Glossary).

u=u andv=2v/3, whereu’, v" arethe 1976 UCS values bel ow.

1976 u”,v" — Uniform Chromaticity Scale (UCS). Proper chromaticity space derived from linear combinations
of X, Y, Z. bu'v' issometimes used as a color-shift metric when one wants to ignore intensity variations. In the
plot the curved line within the spectrum locus is the Planckian locus marked in temperatures of thousands of
kelvins. The spectrum locus is labeled in increments of 50 nm.
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CORRELATED COLOR TEMPERATURE (CCT).

Manufacturers and users often want a single-number summary of the color of alight source or of a
display. Because many natural light sources resemble black-body radiators, a natural summary number is the
temperature of the black-body radiator closest in color to the light source (or display) in question. Accordingly,
correlated color temperature (CCT) is defined as the temperature (in kelvin) of the black-body radiator whose
chromaticity is closest to the chromaticity of a particular light (e.g., from a display screen) as measured in the 1960
CIE (u, v) uniform chromaticity space. Despite the fact that the 1960 (u, v) space has been superseded by other
uniform-color spaces (see below), the CCT continues to be defined in the earlier space, to afford consistency of
description to light sources over time.

An agorithm for computing CCT, either from 1931 CIE (X, y) coordinates or from 1960 (u, v)
coordinates, appearsin [7] G. Wyszecki and W. S. Stiles, Color Science, Second Edition, Wiley, 1982, pp. 224-
228, where graphical nomogram also appears. Alternatively, a successful numerical approximation has been
derived by C. S. McCamy, Color Res. Appl. 17 (1992), pp. 142-144 (with erratum in Color Res. Appl. 18 [1993],
p. 150). Given CIE 1931 coordinates (X, y), McCamy's approximation is

CCT =437 n°+ 3601 n® + 6831 n + 5517 ,
where
n=(x - 0.3320)/(0.1858 - y).

This approximation (the second of three he proposes) is close enough for any practical use between 2000 and
10,000 degrees Kelvin.

In units of 1960 (u, v) chromaticity, it is agreed that the concept of CCT has little meaning beyond a
distance of 0.01 from the Planckian locus [see A. Robertson, J. Opt. Soc. Am. 58 (1968), 1528-1535], where the

distanceis specified by bDuv = \/(ul- uz)2 + (V- v2)2 . However, industrial applications define CCT from 0.0175

(u, v) units above the Planckian locus to 0.014 (u, v) units below this locus.

Besides the unit of 1960 (u, v) distance, there is another unit commonly used to quantify distance of a
given light from the black-body locus. This is the minimum perceptible color difference (MPCD), defined as a
distance of 0.004 (u, v) units. The value 0.004 was introduced in the early days of color television to specify a
minimum perceptible difference in (u, v) under not-too-critical conditions (see W.N. Sproson, Colour Sciencein
Television and Display Systems, Adam-Hilger, 1983, page 42). This figure is often quoted in the lighting industry,

and is now also applied to the distance metric in the (u”, v') color space DU ¢= \/(uf- ug)2 + (V- vg)2 [seeP.

Alessi, Color Res. Appl. 19 (1994), 48-58]. A distance of 0.04 in (u”, v') would be considered to be noticeable if
the colors were separated such as each color being displayed on a different screen in different parts of the room,
whereas the threshold distance 0.004 refers to two colored areas that are touching each other on the same screen.
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1976 CIELUV — Currently standardized three-dimensional uniform-color space. Implicit in this space is a model
of the nonlinearity of the eye, and also of chromatic adaptation to alight (typically D65 or the white point of the

display) characterized by values with subscripts "w" below.
1/3

L = 116&—; -16, aBut L =903.3—, for—£ 0.008856,,
e'wg é YW YW 1]

u” =130 (ue- ug),
v =130 (ve- v).

DE,, = \/(DL*)Z +(u)?+(v)?, DL =L3-L,, DU =u;- Uy, DV =V;-V,

1976 CIELAB — Currently standardized three-dimensional uniform-color space. Implicit in this space is a model
of the nonlinearity of the eye, and also of chromatic adaptation to alight (typically D65 or the white point of the
display) characterized by values with subscripts "w" below.

s , ‘
L = 116§8L§ 16, SButl’ = 9033~ for—- £ 0.008856,
e'wg é YW w 1]
é 1/3 RVER
&8 Xw g &Yw o d
é 1/3 /3
b= 20080 - EEL
ger [} &l g d

DE,, = \/(DL*)Z +(a’)?+(pb’)?,where DL =L;-L,, pa =a;-a,, Db =bh - b,
Modificationsfor low light levels:
For any tristimulusvalueW = X,Y,Z,in theabove expressionsfora’, b",

1/3
repl acegewﬂg with ?7.787Wﬂ . %gwheneverwﬂ £ 0.008856.
e''w g e w 2 w

Both CIELAB and CIELUV color spaces were simultaneously adopted and thereafter retained as equally
preferred standards by the CIE [see CIE Publication 15.2, Colorimetry, First Edition (CIE, 1976) and Second
Edition (CIE, 1986)]. However, display technologists have historically preferred CIELUV. This preference is based
on the fact that CIELUV has a proper chromaticity space (with coordinates u*/L*, v*/L*), in which any additive
mixture of two lights shows up on the line segment between them in this space. This feature, which is not shared
by CIELAB, offers a convenient portraya of composition of color in additive systems such as self-luminous
displays. Admittedly, the CIELAB space has been recently selected by some display technol ogists as being more
nearly uniform with respect to small color differences. However, the uniformity of these spacesis still open to
guestion based on primary data, and CIELUV remains attractive because of its convenience and historical
precedent. The present document does not recommend CIELUV as being ultimately preferable to CIELAB or to
other color-difference formulas, but uses CIELUYV in sample calculations as a color space sufficient for the
measurements at hand.

A note is due about the uses and perceptual interpretations of DE and bu'v'. The quantity DE is intended
as ameasure of the number of just-noticeable differences (JNDs; see Glossary) between two displayed colors with
given tristimulus values. The fact that DE is a Euclidean metric in a given color space (CIELAB or CIELUV)
indicates a model of color perception in which CIELAB or CIELUV distance—perceptual magnitude—is measured
in units of INDs. Despite the fact that the discriminability of two colors depends on viewing conditions, and the
experimental basis of CIELAB or CIELUV uses special viewing conditions (see Wyszecki and Stiles, 1982), DE is
interpreted as a general-purpose color metric. In display technology, we find DE used, e.g., to quantify
dependencies of color on screen position and viewing direction. However, DE is not used to describe the distance
between two colors that arise on displays with different white points. It istacitly specified that the same (X, Y,
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Z,) triplet (nominally the same observer adaptation state) be used for each color in a comparison yielding a DE
value.

The quantity Du'v' does not have such aready perceptual interpretation as DE, but is useful when one
wants to set independent tolerances on luminance and chromaticity. A color shift of bu'v' = 0.004 will be
discernable if the two color patches are touching, and a color shift of pu'v' = 0.04 will be discernable on two
separate displays. Suppose, for example, that the luminance uniformity on a screen is subjected to afairly loose
tolerance (because human vision is insensitive to luminance variations with low spatial frequencies). If atight
chromatic tolerance is set with respect to u* and v* (to reflect high sensitivity to chroma variations at low spatial
frequencies), then that tolerance will be driven by luminance variations for any chromaticities but that of the white
point. Thiswill impose de facto atight tolerance on luminance uniformity. However, if atight chromatic tolerance
is set with respect to u' and v' (asit iswith pu'v'), the sensitivity of vision to isoluminous color variations at low
spatial frequencies is accommodated
without imposing a needless restriction
on the luminance uniformity. 20 1

A comment isin order about L*, i Y =0.8856
which is the same in both CIELUV and i YIYw = 0.008856
CIELAB. In the figures to the right we 15 L
show how L* depends upon the ratio of I
the luminance Y to the luminance of
white Yy,. The linear portion (from 5oL

Y/Yw = 0to Y/Yy = 0.008856) smoothly i Linear
matches the cube-root portion (the first | Regoon
derivative is continuous across

Y/Y\, = 0.008856). The top figure shows
the region about the linear portion. The

bottom figure shows the entire range of 1
Y/Yw £ 1. See Section A209 (Nonlinear 0 F——

Response of the Eye) for a discussion of 0 . _0'5 Ybl g lh5 | _2 fYZIE:mo 3
thebottomfigure. uminance Y, based on white luminance of Yw =

Dots mark 0.001% increments in Y/Yw.

Cube-Root
Region

100

90 oo oo oo
Y/Yw =
0.75
L*=89.4

80 |- 75% to eye

70
60 -

50

L*

40 +
30 +
20 - | 25% to eye
YYw =

0.48278

10 H |y/NYw=
0.0‘4415‘

0 10 20 30 40 50 60 70 80 90 100

Luminance Y, based on white luminance of Yw =100
Dots mark 5%Yw increments in Y.
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A202 POINT SOURCE, CANDELA, SOLID ANGLE, I(g,f), E(r)

Abstract: We look at a point source of light which naturally gives rise to the concept of solid angle whereby we
can see the reasonability of the candela as a unit of light measurement. Luminous intensity | and illuminance E are
also defined and considered.

Consider a point source of light that emits rays of light or
light energy uniformly in all directions. Consider a small area A of a
sphere of radiusr that is centered on the point source of light. Since
light travelsin straight lines (rays), the bundle of rays going through
the area A will, in effect, project that area onto larger diameter spheres.
This cone that is centered at the point source and subtends the area A
will always contain the same rays of light no matter how far away we
are from the point source. We want a metric to specify how much of a
spread this cone constitutes. The metric to use is the solid angle which
is the ratio of the spherical area A to the square of the radiusw = A/r?.
The solid angle is manifestly unitless, but it is given a unit: the
steradian with abbreviation sr. We speak of solid angles in steradians;
for example, the solid angle of a sphereis4p sr.

Should this be an uncomfortable definition for the first time reader, note that it is very similar to radian
measure of an arc, we might think of it as athree-dimensional angle. In aplane, an arc of length | at radiusr along
acircle is subtended by an angle g = I/r, where q isin radians, abbreviated rad. An entire circle has aradian
measure of q = 2p. Often the unit rad is left off, it is understood to be there, we could have said q = 2p rad as well.
By the way, to convert to degrees we use: q [in degrees] = 360° q/ 2p . Extending this to three dimensions by
similarity, we express the solid angle asw = A/r 2, which is a measure of the subtense of a spherical areafrom a
point in space just as we express the angle as g = |/r which is a measure of the subtense of a circular arc from a
point in space. The solid angle is the three-dimensional angular cone that subtends a spherical area A just asthe
angle (in radians) is a (two-dimensional) angle that subtends a circular arc length.

Note that the area A used in the solid-angle determination is the area on the surface of a sphere not a
planar area. However, for radial distances large compared to the maximum linear width of a planar area, the planar
area can be used with little error. What is the difference between the area of a disk and the area of a spherical cap
of the same diameter? Consider a sphere of radius r centered in a spherical coordinate system, and a spherical cap
centered on the polar axis. Suppose q is the angle subtended between the polar axis and the outside diameter of the
cap. The area of the spherical cap can be shown to be A = 2p r %(1 — cosq). Associated with this cap is a planar disk
defined by the diameter of the spherical cap. The radius of this disk isx = rsing, and its areais S= p r >sin%. For
small angles such that sing = q is an acceptable approximation, these two areas are the same (expand the cosine).
(See A214 and compare with A215 and A225.)

How do we specify the intensity of the point source? One way is the amount of luminous flux F (measured
in lumens, Im) emanating from the point. This is a measure of the amount of light coming from the point source in
all directions combined. Luminous flux is kind of like a*“visible light watt,” it is proportional to the visible power
of the emitted light. Another way to express the amount of light from the point source is by taking the ratio of the
luminous flux F  (in Im) that hits area A and the solid anglew = A/r 2 (in sr). Thisratio is called the luminous
intensity | = Fa/w= Fa r?A, and has units of Im/sr which is called a candela with symbol cd. In general, the
luminous intensity is a function of the direction of emission | = I(q,f) , but for our purposesin this problem, it isa
constant. For our uniformly emitting point source what is the luminous intensity? Divide the total luminous flux F
by the solid angle of a sphere: | = F/4p = constant (units are Im/sr = cd). Now, let’ s think about the light hitting
area A. The luminous flux hitting A (number of lumens hitting A) iSF A = Iw. That flux is spread uniformly over
the entire area A. This raises the need for another convenient metric of light, the illuminance E which is the
number of lumens per unit area hitting A; it has units of Im/m? which is called alux, the unit’s symbol isIx. In our
case here, theilluminance is the quotient of the luminous flux hitting A and thearea: E= Fa/A=Iw/A=1/r?
[Im/m?. (Although the luminous intensity has units of Im/sr, we often write equations like this where we have
canceled out the steradians but only keep track of that in our minds. To indicate the correct units or remind the
reader of the correct units often one will find the units expressed in brackets after the equation to be sure to be

Solid Angle
w=A/r2
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clear. Some people deliberately add a quantity w, = 1 sr to the equations in order to keep track of the steradians. In
suchacasel = F/4p W, W=wW, A/r2, E=w | /r? etc.) Thingslike luminous intensity, candelas, illuminance, and
the like can be very confusion for the novice (even for the not-so-novice). One of the best ways to help to remove
the confusion is to be able to express units of light measurement in their most fundamental units, Ix = Im/m?,

cd = Im/sr, etc., and carefully keep track of these fundamental units as these quantities are used in equations.
Thinking in terms of the units as well as the names of these quantities should make things easier.

PROBLEM: Suppose we are given the luminous flux F = 10,000 Im of a point source that emits light
uniformly in all directions, and we have a card of area A = 0.01 m? (100 mm x 100 mm) placed a distance
d = 0.5 m away from the point source; what is the luminous intensity of the point source, the illuminance on the
card, and the luminous flux on the card?

Provided d is large compared with the size of the card (and it is in this example), we can assume that the
area A isthe same as the area of the card projected on a sphere of radius d and use the formalism derived above.
(Otherwise we would have to use calculus to perform the integration over the area A and this we will do in another
problem below.) The solid angle of the card isw = A/d? = 0.040 sr. The luminous intensity of the point source is
| = F/4p = 795.8 cd [Im/sr]. The luminous flux (number of lumens) FA on AisF, = Iw = 31.83 Im, whereby the
illuminance on area AisE = Fa/A = lw/A = 1/d?= 3183 Ix [Im/m?. Notice that thisis exactly the same as the
luminous flux F times the fraction that the area A is of the radius of a sphere of diameter d: Fo = F(A/4pd?) which
iswhat we get if we do all the algebra: Fa = EA= (1 /r)A = (Fldpr HA = FA/4pr? using r = d.

A203 LUMINANCE - L(z) FOR DIFFUSE OBJECT

Abstract: The luminance of an object is atype of objective measure of brightness (a subjective quantity). It has
units of cd/m?. Problem: Calculate the luminance as a function of position as we move away from a uniformly
illuminated wall, and show that the luminance of an object isindependent of distance.

We can consider a number n of point sources each having luminous intensity I in candelas (cd = Im/sr)
distributed evenly throughout an area A. Assume that there are so many of them that we can’t resolve the
individual illuminants with our eyes so that the surface appears uniform. The total luminous intensity from the area
Als

n
=8 Iy. D
k=1

The more point sources we cram into that area the brighter that area will appear to our eyes. The number of these
sources (how many candelas) per unit areais called the luminance and has units cd/m? = Im sr-* m'2. This unit
was at one time called anit, but that usage is no longer considered proper—the nit is a deprecated unit. (Isn’t that
great? So instead of saying a one syllable “nit” we have to say a mouthful, the seven syllable phrase “candelas per
meter squared.”) Avoid using brightness when you mean luminance. Luminance is a unit of measure, a
guantitative value. Brightness is subjective. Under the same illuminance, luminance on black paper islow and that
on white paper is high. However, something that may be considered bright at night may be perceived as dim during
the day (e.g., the moon). Consider a source with constant luminance, the perception of luminance—which we may
very roughly call brightness—changes depending upon the ambient conditions, whereas the luminance of that
source remains the same (assuming the environment doesn’t affect the light output of the source).
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Another way to define luminance is by using infinitesimals. Consider a small area dA that emits light with

luminous intensity dlI . The ratio of the luminous intensity to the areais defined as the luminance:
L = dl/dA. 2
This means that when we are talking about small areas that are far away from the observation point (A << r %) then
we can say to a good approximation
L= I_A , or I =LA (long distance approximation). 3
These relations will be found to be useful in the rest of these problems. Now, let’s consider what the eye sees; how
does the luminance of an object change with distance?

Imagine looking at the area A (such as described above) having aluminance of L with the eye at a
distance r from the area, where r is much larger than the size of the area viewed r >> A. The lens of the eye focuses
that area down to an area A" on the retina of the eye. Let’s assume that the illuminance on the retinafor this
configuration is E. The size of the area on the retina depends upon the distance from the source. Let Ac be the
aperture area of the eye, and suppose the distance from the center of the lens of the eye to the retinais d. How
much light enters the eye? The luminous intensity from the area A issimply | = LA for long distances. Then the
light entering the eye (the luminous flux) isF = Iw, where w is the solid angle of the aperture of the eye, w = Ad/r 2,

or F = LAAc/r 2 That light is spread over theimage A" so that the illuminance on the retinais E = F/A’. From
simple geometry consideration, the size of the area of the image is proportional to the square of the distances
involved: A" = Ad?%/r 2. It istheilluminance on the retina that we want to determine, i.e., the lumens per unit area;
it is thisilluminance that gives the perception of brightness. Putting these equations together we find E = LAe/ d?,
which isindependent of distancer that the eyeis from the area. We could have simply reasoned this way: The
image size at the retina goes as 1/ r 2, but the amount of light entering the eye goes down as 1/ r . The ratio of the
two remains a constant, thus the luminance is independent of distance.

(NOTE: Many refer to luminance as the objective measure of subjective brightness. While this may be true
when comparing the same colors, it is not true in general, and it is easy to see. Place three bars of primary colors
on the screen of a display—e.g. RGB—and adjust the brightness of the bars so that they appear to have the same
brightness to the eye. The luminances will not be the same. The blue and red will have larger luminances than the
green. Now, put an identical word with black lettersin each of the color bars and adjust the brightness of the bars
so that the words are about as readable in each color—you might have to step back from the screen so they will be
alittle fuzzy. When you measure the luminance now, you will find it to be more nearly the same for each color. See
A201.)
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A204 SPOTLIGHT VS. ANGLE - cos(q)

Problem: Show that when a spotlight hits a
surface the illuminance upon the surface
changes as cosg where q is the angle of the
source from the perpendicular of the surface for
adistant source like a spotlight (or the setting
sun if you are on the moon).

Consider a spotlight having a uniform
parallel beam of width w, cross-section area A,
and luminous flux F in lumens (Im). The
illuminance upon a surface when the beam is
perpendicular to that surfaceisE = F/A (in
Ix = Im/m?). If the direction of the spotlight is
changed to an angle q from the perpendicular, w
then the area of the surface A" illuminated
becomes more elongated as the angle increases
(that area becomes infinite when the beam lies

in the plane of the surface, g = 90°). The L .
dimension of the beam orthogonal to the plane — E'=F/A"=Ecosq
of the angle and the perpendicular is still w, but A A

the dimension of the beam in the plane of the
angle becomes w/cosg , see the figure. The areas
arerelated by A" = A/cosg. The same amount of light (luminous flux) F is being spread over alarger area, so that
the illuminance becomesless: E" = F/A" = Ecosg. Thus, the illuminance from a beam of light falls off as the cosine
of the angle from the normal.

E=F/A

A205 GLOWWORM & DETECTOR, I(q,f), J=kF

that is afunction of position around the source (a glowworm, for
example) 1(q,f) write an expression for the total light output and the
current output from a detector with a sensitivity of kin A/lm placed a
radius of r from the source. Suppose the maximum luminous intensity of
I, = 100 cd occurs directly above the source, what is the maximum
current obtained from the detector assuming a sensitivity of k= 1.2 A/Im
with the detector at a distance of r = 0.95 m and having a detection
surface of area A = 1.1 cm? (cn? not m?).

Problem: Given a nonuniform source producing a luminous intensity [Z

Suppose that the glowworm produces light in al directions.
That light can be described by the luminous intensity as a function of
orientation around the source or glowworm I(q,f). The total light output
(total luminous flux) is the integration of the luminous intensity over the
spherical solid angle

FT=@|(Q,f)Siﬂqdqdf , (1) 4)@ ________ - ;

but without knowing the exact form of |, we cannot perform the
integration, of course. Here, dw = sing dq df isthe element of solid angle
in spherical coordinates. The amount of light entering the detector depends upon the area of the detector A and its
distance from the source r. We will assume that the detector is always oriented so that it is facing the source. If the
detector were not facing the source, then we would have to correct for the misalignment by a cosine factor coso,

APPENDIX — page 213 213



A200 ]@ A200 TECHNICAL DISCUSSONS

where b is the angle between the axis of the detector (normal to the detector’ s surface) and the radius vector
locating the position of the center of the detector. For this problem we will assumethat b = 0, i.e., the detector is
aways facing the source. The solid angle of the detector from the position of the source isw = A/r 2. The luminous
flux entering the detector is simply
F(a,f) = Iw=I(qf)A/T2 (2)

Thislight is converted to current J by the detector according to the relation J = krF. Putting this altogether, the
current output of the detector is

J(a,f) = kF(a,f) = Ki(a,f) A/r?, (3)
where Jisin amps and k isin amps per lumen (A/Im). Thus, at the q = 0 position where 1(0,0) = 1o = 100 cd, given
that k = 1.2 A/lm, the luminous flux entering the detector of area A = 1.1 cm? (= 0.00011 m?) at r = 0.95 m, is
F =1,A/r?2=0.0122 Im. The output of the detector would then be J = kF = 14.6 mA.

A206 PROPERTIES OF A LAMBERTIAN SURFACE

Abstract: A perfectly diffuse surface appearsto have the
same luminance when viewed from any direction. Such a
surface is defined as a Lambertian surface. The luminous
intensity from asmall area A isderived to bel = I,cosq
whereq is the angle from the perpendicular (or normal) of
the surface and |, is the luminous intensity in the
perpendicular direction. Also, given that the surface
reflectanceisr, we show that the luminance of a
Lambertian surface is related to its illuminance by
L=rE/p.

A Lambertian surface is one that will appear to
have the same luminance to the eye no matter from what
angle the surface is observed. Many surfaces are quasi-
Lambertian, flat (matte) paint, copy paper, etc. Consider
looking at a small area on the extended surface. A simple
way to obtain the desired result is to note that if the
surface has the same brightness to the eye (or luminance) for any angle, then as our observation angle from the
normal increases we are looking at an extended area within the same solid angle of view; and that area increases
by 1/cosg. If the luminance is the same for any angle, as the observed area increases with larger angle from the
perpendicular, the luminous intensity must decrease by cosqg or | = 1, cosg, where | is the perpendicular value.

If that is confusing, let’slook at it in greater detail. Refer to the figure. For the view to remain the same
really means that the area viewed by the eye is such that the solid angle it subtends remains constant. That is, if we
say the eye sees the same something in all directions, we generally mean that the eye evaluates that something over
afixed solid angle. Thus w = constant = A'/r . Here A is the area perpendicular to the viewing direction (the
apparent area) at angle q and is related to actual area viewed on the surface viaA = A'/cosg. That is, when g = 0,
the perpendicular direction, the area of the surface A is the same as the apparent area A". The luminance is related
to the luminous intensity by | = LA, or, since the luminance is constant L = | /A = constant. (See A203 for long
distances or small solid angles.) Solving for the luminous intensity and expressing the area A in terms of the
constant area A" we abtain | = LA = LA’ cosg. However, note that the quantity LA” is the luminous intensity for
q=0,or log = LA". Putting this together, we have the classic expression for the luminous intensity for a Lambertian
emitter in terms of the luminous intensity normal to the surface I

| =1l,c08q, [LAMBERTIAN]. @)
We can now define luminance another way: luminance L is the luminous intensity | from a surface element dA in
agiven direction, per unit area of the element projected on a plane perpendicular to that given direction as given by
L =1/ (dA cosg) where q is the angle of the viewing direction. The cosqg means that when you view the same
surface element at an angle q, its arealooks smaller by afactor of cosg. Assuming that the surface is uniform, the
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luminous intensity | increases proportionally as dA increases, but the luminance L is constant and independent of
dA. Also, if the surface is Lambertian, the luminous intensity | decreases by afactor of cosg as the viewing angle
increases, but the luminance L is constant and independent of the viewing angle.

Reflection: Now, consider areflecting surface (not an emitting surface) having area A. Let’ s assume that
the fraction of the light reflected from the surface isr, known as the luminance factor (often subscripted with a
“d"). Given an illuminance E lighting the surface we want to determine the luminance of the surface. The amount
of luminous flux hitting the surface isF = EA. The amount of flux leaving the surfaceisF” =rF =rEA, and must
be equal to the integration of the luminous intensity over the hemispherical surface above the area A:

2 pl2 1
F ¢=rEA= @I(q)dwzloc‘ﬂf c‘)quOSqSiﬂq=2pLAc‘)udu=pLA, 2
0 o 0

where dw = sing dq df isthe element of solid angle. Solving for the luminance we abtain the relation between the
luminance and the illuminance for a diffuse Lambertian reflector:

L=E=qE, ©)

P
where q =r /p is called the luminance coefficient.
ﬁ
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A207 UNIFORM COLLIMATED FLASHLIGHT

Problem: A Lambertian disk of reflectancer = 0.95 having
adiameter of d = 20 mm is illuminated with a uniform
collimated (parallel rays) beam of light of diameter

D =50 mm from a (very special) flashlight. The output of
the flashlight isF = 100 Im, and all the light is contained
within the beam. What is the luminous exitance M of the
flashlight, hat is the illuminance E on the disk, and what is
the luminous intensity reflected from the disk (assuming
that the disk is small compared to the observation D
distance)? Given a photopic detector (like a photodiode

with a photopic filter) having a diameter d =5 mm and
sengitivity of k =6 A/lm, what is the output J in amps (A)

of the detector as a function of angle from the

perpendicular g with the detector placed at a distance

r = 300 mm and with the detector always facing the disk

(its axis passes through the center of the disk)? Calculate

the output for q = 30° How would the output of the detector
changeif it istilted an angle f = 60° from directly facing

Flashlight Detector

the disk?
The luminous exitance M is simply the luminous
flux F = 100 Im divided by the area \V, \V;
A =pD?%4=0.00196 m? (1) r
(D = 0.05 m) of the aperture of the flashlight, or Diffuse Tilt
. f
M=% s00mimm?, @ Disk
A pD

Because the beam is collimated it remains the same diameter along its path (hard or impossible to do in reality, but
some spotlights come fairly close). Therefore, the illuminance on the white disk is the same as the luminous
exitance:

E = F/A =50930 Ix. (3)
(Note that whereas illuminance is in Ix, luminous exitance is expressed in Im/m?.) The luminance L of a diffuse
object normally illuminated with illuminance E (see A203) is given by

L = gE = — E = 15400 cd/n?”. 4

p
The luminous intensity | from a Lambertian reflector (A206) having a luminance L and area
a=pd¥4=3.14 10* m? is given by
I =1(@)=1ycosq =alcosqg , (5)
provided that the distancer at which | is observed is large compared to the diameter of the disk d, that is, r >> d.
(See A210 for an exact calculation of the illuminance from a Lambertian emitter.) Here the maximum [uminous
intensity 1o along the normal of the disk isly = La = 4.838 cd.

This light enters through the aperture (diameter d = 0.005 m, areaa = pd /4 = 1.963x10°> m?) of the
detector placed a distance r away. Since the output of the detector in amps (J = kF, k = 6 A/Im) depends upon the
luminous flux entering the aperture, which we will call F to avoid confusion with F; we need to determine F from
the luminous intensity 1. We know the solid angle of the detector as viewed from the center of the disk is given by

2
_a _pd” _ S an- 4
The luminous flux entering the detector is the product of the luminous intensity and the solid angle
d? co
F:I(q)szachqur;F ?ar—iquOCOSq, (7)
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where Fo = lgw = 1.056° 102 Im is the maximum flux at the normal position if the detector could be placed there
without interfering with the illumination of the disk. The output of the detector is simply

J=kF =J,cosq , (8)
where Jo = 6.33 mA isthe limiting current possible for this configuration. For q = 30° we obtain F = 9.141° 10* Im
and J=5.48 mA.

If we were to turn the detector so that the normal of the detector surface makes atilt angle of f = 60° from
the line from the center of the disk to the center of the detector, we would simply need another cosine term. The
signal would then be

J = Jycosq cosf = 2.74mA., 9
using g = 30° and f = 60°.

A208 HEADLIGHT (DIVERGENT UNIFORM FLASHLIGHT)

Problem: Given a uniform divergent
flashlight, a motorcycle headlight, with
luminous flux F = 250 Im, diameter

D =100 mm, and diverging at an angle of

g =2°inal directions from its surface
perpendicular; calculate the illuminance as a
function of distance z from the surface of the
headlight, then express the luminance as a
function of distance of the headlight from a
white wall with diffuse (Lambertian)
reflectance of r = 0.91 (z=0 when the
headlight is touching the wall). Now,
suppose you are riding your motorcycle at
night and you are just able to see awhite sign (like our wall) at a distance of z = 100 m. Y ou would like to be able
to see further than that. Y ou see an advertisement for a special headlight that is twice as bright as your stock
headlight and they claim that you can see twice as far as a consequence. Is that claim true?

The light is spread uniformly over an areaa = p r? on the wall, where the radius r = d + D/2, and
d = ztanq is the extension of the radius of the beam from the original radius of the beam (D/2) as we move out
along z Specifically, the area of the beam spot on the wall is

a=p§2+ ztanqg . (@D}
62 2
The illuminance is simply the luminous flux spread over the beam spot on the wall
. — @

a p(D + 2ztang )? .

Since the wall is a Lambertian surface the luminance is given by (A206)
L=lE-—HF 3
p p“(D+ 2ztanq)
If you were a small bug on the headlight and the headlight were placed against the wall so that z= 0, the
illuminance would be a maximum of

F : 2
=—=3183Ix=M [inlm/m for z=0), 5
m = D12)? [ 1 ( ) ®)
which is the luminous exitance M of the headlight. The associated maximum [uminance would be
rF 2
L., =———=9220cd/m“ (for z= 0). 6

We can solve for z in the exact expression for luminance (Eg. 3) to get
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& 0
7= L @tk D2 7
tang g sz 2;

and use this to determine the new distance with the improved light.
To examine the claims of the advertisement, we could use the exact equations (Egs. 3, 7), but we note that
for long distances z >> D approximate equations will be sufficient:

L@ rF 5 2@ 1 ‘/i, forz>>D. (8
(pztanq) ptang V L

(Note the 1/7 behavior in the luminance.) For z; = 100 m the luminance of awhite object like the wall would be

L, = 1.89 cd/m?. We want to determine the new distance z, at which the luminance will be the same L, = L, for a
headlight with twice the output, F, = 2F; = 500 Im. Using Eq. 8 we find z, = 141 m. Thus, the claim isincorrect.
Twice the output only gives you a41 % increase in the usable distance. This is obvious using the approximate

Eq. (8) and writing the ratios
L _F5 2z [Foly 8)
L rFz2 7z \FilL

ingeneral. Using Ly =L, and F, = 2F,, then z,/z = \/5, as we obtained above.

— )
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A209 NONLINEAR RESPONSE OF EYE

The human visual system is highly nonlinear, and this nonlinearity involves spatio-temporal properties of
the light stimulus as well as adaptation levels of the eye and chromatic dependencies. However, standards bodies
and display technol ogies adopt the following rule of thumb: "Roughly speaking, perceived lightness is the cube root
of luminance." (C. A. Poynton, SMPTE Journal, December 1993, p. 1101). Thislaw appears in the uniform color
spaces such as CIELUV and CIELAB (see Section A201).

The cube-root law is the result of experiments such as the following: An observer is given ablack and a
white chip and asked to select a gray chip that is halfway between the two in lightness (on a particular background,
and under a given illuminant). Then, the observer is asked to halve the black-gray and gray-white intervals by the
same procedure. Continuing this process yields a series of chips that are subjectively equally spaced, and are
assigned numerically equal increments of lightness. The measured luminances of these chips complete the
lightness-luminance relationship, which has the appearance of a power function, most characteristically the cube-
root function. What this meansis that if the luminance L; of one object appears to the eye to be half the luminance

of another object L,, then their luminance ratio is approximately 8:1; 3/L,/L; = 2, so then L,/L; = 8. Thus, if we

have a computer display that has a luminance of 100 cd/m? and want a new display to appear twice as bright, then
we would need the new display to have a
luminance of 800 cd/m?.

Many modern displays are capable of a v = 0.8856
virtually continuous luminance range from black i Y/YW = 0.008856
to white, and low luminance values are readily
available and observable. Therefore, the best eye
model to use to deal with the entire display
luminance range is L* in the CIELUV and L
CIELAB color spaces (L* is the same for both 10 ¢ Linear
spaces)—see Section A101 (Photometry and 3 Region
Colorimetry Summary) for details. Given a i
luminance Y and white luminance of Yy, the St

relationship between L* and the ratio Y/Yy:
1/3

7116 gelg _16, for—s 0.008856 0 o
T - Y. 0 0.5 1 15 2 25 3

i
i
L* = ! e'wg w . - .
| Luminance Y, based on white luminance of Yw = 100
i
|
T

20 -

15 +

L*

Cube-Root
Region

903_3L for Y £ 0.008856 Dots mark 0.001% increments in Y/Yw.

i)
w w
100

* 3 * L
A T SN S S N S
Y, & 116 4 Y, 9033 I Yivw=
0.75

L*=89.4

80 75% to eye

Be careful not to confuse the linear luminance space 0 r

with the nonlinear eye response characterized by L*. 60 -
For example, a pixel may be considered stuck on if its i
luminance is aways greater than 75 % of white and i
stuck off if its luminance is always less than 25 % of L 5
white. Don't confuse this with what the eye sees. A 30 5

50

L*

40

pixel with 25 % white luminance appears to the eye to 20 | [ 25%to eye
be 57 % of the white brightness; similarly 75 %, 10 1 lynw=
appears to the eye as 89 %. If we wanted to judge the 0.04415
pixel based on appearance thresholds of 25 % and
75 % of White’ we would use the luminance-of-white Luminance Y, based on white luminance of Yw = 100

criteria of 4.415 % and 48.28 %. Dots mark 5%Yw increments in Y.

YYw =
0.48278

0 10 20 30 40 50 60 70 80 90 100
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A210 E(z) FROM EXIT PORT OF INTEGRATING SPHERE

Problem: Given aD = 50 mm exit port of an integrating sphere with uniform luminance of L = 5000 cd/m?,
determine the illuminance as a function of distance E(Z) from the exit port along the axis of the exit port. At what
distance can the exit port be treated as a point source of light with lessthan 1 % error?

We calculate the contribution dE to the total dA = rsingdf erdg/cosq

illuminance from an element of area dA in the plane
of the exit port. We consider an area a at position z
from the center of the exit port. The luminous
intensity from dA is

dl = LdAcosg , (@D}
where the cosine term arises from the Lambertian
nature of the emission from the exit port. (This

Top View _ g

rdg/cosq

rdqg

equation is simply the definition of luminance:
L = dI/dA, see A203.) The area a subtends a solid
angle of

Exit Port

w = (a/r ?)cosg 2)
from the viewpoint of the area element dA. Here the
cosine term comes from the fact that the areaa is also
tilted with respect to the line between dA and a. Not
only isthe emission from dA decreased by the cosine
term, but the amount of light through a is also decreased by the cosine term because the area a is not facing the
element dA (the surface normal of ais not pointing at dA). The area element dA is the product the arc arising from
dr (df timesthe radiusin the plane of the exit port rsing) and the arc arising from dg (since we are confined to the
plane of the exit port, the radial arc length rdg must be extended to rdg/cosy), or

dA=r?(sing / cosq ) dq df . (3)
The amount of flux drF passing through a from dA is then

dF =w di = LdA-2cos?q 4)
and the illuminance contribution is r

dEz%zLéﬂqCOSqdqdf , (5)

where we have used the expression for the element of area dA. Integrating this over the exit port gives the
illuminance as a function of z. Note that f runs from 0 to 2p and g runs from 0 tO gma, Where gma 1S given by

. R
= — 6
SING max R+ 72 (6)
and where R is the radius of the exit port, R = D/2 = 25 mm. The illuminance is
2 4 max SN e
E(2)= adf ¢ Lsingcosqdg =2pL  udu = 2pL(SiN*q )/ 2, 7)
0 0 0
(using the substitution u = sing) or
pRIL L

E(2) = = pLs'ﬂzq max - 8

R+ 7% 1+ (z/R)?
Let’s examine the values for z= 0 and z>> R and compare:
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ipL, forz=0
.
I i=1y/2% using Iy = LA
o2 ! ) _ o
E(2) = ! pRzL  forzs>> R : (Treatsexit port as point source[ A= pR7]). ©
i z i=Lw y ugngWZA/ZZ:pRZIZZ
.

} w issolid angleof exit port from z
IpRsing, forallzandalR

Here A isthe total area of the exit port, and wis the solid angle of the exit port as viewed from the z-position. The
result for z = 0 iswhat we get in A215 where we derive the relationship between the illuminance and luminance of
the walls of an integrating sphere. The large-z approximation essentially treats the exit port as a point source with
a1/z? dependence. Comparing the exact expression for the illuminance (Eq. 8) with the large-z expression (Eq. 9)
amounts to comparing R%/Z with R¥/(R? + 7). These two functions differ by slightly less than 1 % when

z=10R =5D. Thus, we can use the ssimple formsin Eq. 9 for Lambertian emitters whenever we are more than five
diameters away from the light source and be within 1 % of the exact result.

A simpler way to abtain the result in Eq. 8 isto consider a spherical cap defined by the exit port where the
cap extends inside the integrating sphere. The normal of each area element dA on the spherical cap points toward
our observation point at zwith luminance intensity of dl = LdA/r%. The element of illuminance dE = Ldw simply
integrates to E(2) = pLsin‘g.

A211 EXIT PORT ILLUMINATION OF DIFFUSE SURFACE

Problem: Given aD = 50 mm exit port of an integrating sphere with uniform luminance of L = 5000 cd/m?,
determine the radial distribution of the luminance on awall having aluminance factor of r = 0.75 as afunction of
distance z from the exit port for large z compared to the exit port diameter (z> 5D). Assume the exit port surfaceis
paralel to the wall. Essentially thisis a calculation of L(zr) on the wall. What is the maximum wall luminance if
z=1m?How would the problem change if instead of an integrating sphere we used a light bulb that produced a
uniform luminous intensity | radially about its center (can assume lamp also has aflux of F).

Since the distance zis large we can use the
results of the previous section and treat the exit port as
a point source with the luminous intensity expressed
by | = LAcosg, where A isthe area of the exit port,

A =pD %4 = 0.00196 m>. Consider asmall areaa a
distance R from the center of the wall defined by the
normal of the exit port. The distance from the exit port

toais r=+vz?+ R? = z/cosq , where the angle
between the radius vector and the normal of the exit
port is q = atan(R/2), or tang = R/z, etc. The solid angle
of that area a as viewed from the center of the exit port
isw= (a/r %)cosq, where the cosine factor arises from
thetilt of a relative to the radius vector. The luminous
flux through ais simply

Q0
?&m

cos*q

2 L
z
where we have used the fact that r = z/cosg. The illuminance on the wall E = F/a and the luminance of the wall

Ly =rE/p are given by

F =|w = LA%COSZq = alLA
r

4 2
(605 Z
9_1A

E =LA ,
z° (R? + 22)?
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4 2
COS
- LA a

r z
Yop ZZ p LA(R2 v 2%)?

The fourth power of the cosine will appear again in A213 with avery similar derivation. It is referred to as the cos®
illumination law. The maximum luminance occurs at R = 0. With a distance of z= 1 m the maximum luminanceis
given by Lia = r LA /p 2% = 2.34 cd/m?.

This problem has been treated as if the apparatus were in a very large room with totally black walls and
with equipment that doesn’t reflect any light (an impossible situation). If you were to try this experiment and
measure the luminance of object such as awhite disk (instead of awall), you would discover how much reflections
from nearby objects—even black objects—will add to the measured luminance of the disk over the calculated
luminance (see A216).

Now suppose we have alamp having aradially uniform luminous intensity of I. The luminous flux upon a
isF = Iw, where asin the above, w= (a/r ?)cosg = (a/z®)cos’q. Theilluminanceis E = F/a = (I/z%cos’q. Note that
the cosine term accounting for the tilt of a is already in the solid angle w. If our perfect lamp has aluminous flux
output of Fo over the entire spherical region surrounding it (4p sr), then | = Fo/4p. The difference between using
the integrating sphere vs. the lamp is that the luminous intensity from the exit port of the integrating sphere is not
constant, but goes down as cosg; thus, introducing another cosine factor.

L

A212 INTEGRATING SPHERE INTERIOR -L & E

Problem: Given an integrating sphere
of diameter D = 150 mm with an exit
port diameter of d = 50 mm, suppose
there isalight source which illuminates
the interior of the sphere uniformly with
aluminous flux of Fo = 100 Im.
Determine the luminance L of the exit
port when the walls have aluminance
factor of r = 0.98.

A=pr

(S = 4pR°

Let the area of the entire
integrating sphere including the exit
port be S= 4p D %4 = 0.0707 m?. Let the
area of the exit port be
A=pd?4=0.00196 m?>. There are
multiple reflections within the sphere.
We will assume that the luminous flux Fg is inserted into the sphere perfectly (as if we had an infinitesimally small
lamp near the center of the sphere). Initialy the flux incident upon the walls provides an illuminance for the first
reflection of Eq = Fo/Swhich produces the first contribution to the luminance Ly = rEg/lp = rFo /p S At the first
reflection the returned flux available for further reflections F; is reduced from the incident flux by the reflectance r
and the fact that the exit port eliminates a fraction of thelight: F; = rFo(S- A)/S Historically, the factor (S- A)/S
iswrittenas (1 - f), wheref = A/Sisthe relative area of the exit port compared to the total area of the sphere.
Thus, F; = F,r (1- f) The contribution to the illuminance is then E; = F, /S, and the contribution to the luminance
for the second reflection will be Ly =rEy/p =rF1/p S= (rFo/p Sr (1 - f). Thereflections continue:
Fo=Far (1-f)=(Folpr2(1- )% Ex=F,/S andLs=rElp =rF2/p S= (rFo/p §r2(1- f)% The genera
termsare, forn=0to ¥:

Fo=For "(1- f)"

rF (1)
L= — 2 "@- )"
In performing the summations we note that 1 + x + x*+ x*. .. = 1/(1 - X) for x < 1. The total luminous flux and

total luminance are given by:
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FooF g+ F +F ptom— 0
0TI 2T (@ )

F r (2)
L=ly+Ly+Lg+..=—20— T
pS1l-r (- f)

If we had just calculated the total luminous flux inside the integrating sphere, we could have written down the
[uminance directly:

L-"g-"F 3)

p pS’
using E = F/S HereF isgiven by the expression in Eq. 2. For our numbers f = 0.02778, the luminous flux inside
the sphereis F = 2118 Im (compare that with the input flux of Fo = 100 Im), and the luminanceis L = 9345 cd/m?.

A213 LENS cos”(q) VIGNETTE

Problem: Lenses will often not provide uniform illumination over awide angle of view. We show how a simple
lenswill provide a cos’q fall-off in transmitted luminous flux as q increases from the axis of the lens system when
the lensis viewing a surface of infinite extent that has a uniform luminance of L.

Thisis remarkably easy to understand. Given two planes parallel to
each other—as with a camera viewing awall. One is the object plane (infinite
wall) and the other is the image plane (the film). Any area on the abject plane A
is focused to a corresponding areain the image plane a by alenswith area S Walll 2" 5
positioned a distance z away from the wall. The wall (object plane) is assumed to Film A
be aLambertian emitter. Therefore, this area A at angle q from the optical axis
(normal to the planes) produces a luminous intensity of | = LAcosg in the
direction of the lens. The distance between the lensand area Aisr = z/cosg .
This light from A hits the lens at an angle q, so the solid angle from A to the lens
isw= Scosq /r 2 = (§z?)cos’q . The luminous flux through the lensis
F = | w= (LASz?)cos'q. Thisisthe light that hits the image area a, the image of
A. Another cosine term does not enter in to the resulting illuminance on the
image plane E = F/a; in other words al the flux F coming from A through the
lens hits the image area a. (Thisis not the case where we have a well-defined
beam of light of a certain diameter hitting a surface at an angle so that the
diameter of the beam spot on the surface increases [the spot becomes a more
eccentric ellipse] as the angle increases. In such a case, the light is spread over
an increasingly larger area, and the illuminance is thereby reduced by a cosine
term.) Thus, two cosine terms enter because the area A istilted to the line of
sight asis the lens (one cosine comes from the Lambertian emission of light and
the other from the tilt of the lens), and two cosine terms enter in because of the
1/r % nature of the illumination. Another way to look at thisis: Three cosine terms arise from the solid angle of the
lens (the 1/r % nature and the tilt of the lens with respect to the viewing direction along r), and one cosine term
comes from the Lambertian nature of the emitting surface.
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A214 ILLUMINANCE FROM LUMINANCE

Abstract: Consider a uniform luminance source of diameter D illuminating a target surface at an arbitrary
angle g, compare the view from the target with the view from the source, that is, compare how the target is
illuminated with an illuminance from the source with how the source provides a luminous intensity for the target.

Asyou play with these problems, you will find
that there are two ways to look at a distant light source:
from the source’ s viewpoint or from the target’s
viewpoint. Consider a Lambertian emitter of area A and
luminance L a distance r away from and at an angle q
from the normal of atarget having area a.

Suppose r >> +/A and also r >> +/a, so that we can use
our approximate in A210 [E(2) from Exit Port of
Integrating Sphere], where we treat distant sources as
point sources. Assume that the source disk is facing the
target (the normal of the disk’s center intersects the
center of the target disk a. E = Lwcosq E=E/a=lw/a

Sour ce Viewpoint: In the source view, the Target View Source View
luminous intensity from the source | = LA, isaimed at adisk tilted at an angle of q. From the viewpoint of the
source we are concerned about the solid angle of the target as viewed from the source. The solid angle of the target
is therefore w = acosy/r 2, and the luminous flux hitting the target is simply F = lw. Theilluminanceis E = F/a or
E = LAcosy/r 2. Note that the quantity A/r 2 is the solid angle of the source from the viewpoint of the detector
w= A/r 2. Thus, we can also write the illuminance as E = Lwcosg, where the cosine term accounts for the tilt of the
target relative to the normal of the source.

Target Viewpoint: Thisformulation E = Lwcosg appears like we are treating the source as providing an
incident illuminance of E; = Lwthat arises from an luminance L. The cosine term accounts for the foreshortening
of a from the off-normal position of the source. From the viewpoint of the target, we are concerned about the solid
angle of the source as viewed from the target.

A215 ILLUMINANCE INSIDE AN INTEGRATING SPHERE

Problem: Given an integrating sphere of diameter D = 150 mm that does not have an exit port, suppose thereis a
light source that (coupled with the high diffuse reflectance of the interior surface) illuminates the interior of the
sphere uniformly so that the luminance L of the surface of the integrating sphere is 2000 cd/m?. What is the
illuminance on the walls, and what is the illuminance on a small surface placed at the center of the integrating
sphere? L

Consider adisk at the center of a perfect integrating sphere
having awall (interior surface) luminance of L. We assume that the E q dg
wall surfaces are Lambertian with reflectance (luminance factor) r.

The illuminance on the walls Es is then related to the luminance by
L =rEdp, or Es=pL/r. The only parts of the walls that contribute to
the illuminance of our disk are in the hemisphere above the disk. —

Define a spherical coordinate system (g, f) with the polar axis aligned A

with the normal of the disk (and at the center of the sphere). From the df
previous problem we can consider the luminance L from a small

element of the surface giving rise to an illuminance dE = Ldwcosg, where dw = sing dg df isthe solid angle of the
surface element from the center of the sphere, and the cosine term accounts for the off-axis position relative to the
disk. Thetotal illuminance upon the disk is given by the integration of the elements of illuminance:
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2p  pl2 1
E= c‘,dE: Lc‘)df OC0sq Sing dq = 2ch‘)udu= pL,
0 0 0

where the substitution u = sing was used. The illuminance on a surface centered in an integrating sphereis E = pL
whereas the illuminance on the surface of the interior wallsis slightly larger Eq = pL/r by the inverse of the
reflectance. Why the difference? The difference comes from the fact that the illuminance on the sphere wall
includes the direct illumination from the source, whereas the sample does not receive that illuminance. If you were
to measure the illuminance E and luminance L on an area of the sphere wall shadowed by a baffle, then you would
obtain E =pL.

A216 REFLECTION FROM ROOM WALLS ONTO SCREEN

Problem: What can happen to your measurements when you are wearing a white shirt and standing
inappropriately near the screen abeit in a darkroom? Suppose a display has a surface area A = 300 mm ~ 225 mm
and exhibits a uniform luminance of L = 100 cd/m?. A card of area A" = 300 cm ~ 300 cm, luminance factor

rq = 0.90, and placed a distance z= 1.2 m away in front of the display. What is the approximate illuminance back
on the display surface that is provided by the reflected light from the board? If the screen surface has a specular
reflectance of r = 0.11 for this configuration, what is the luminance corruption of a small black square placed on
the white screen? (This shows the danger of reflections from your clothes and nearby objects, and how they might
influence the measurements.) Now, suppose that the walls in the room are spherical, centered on the display, with
radius r = 3 m, and having an average luminance factor of r 4 = 0.18, what is the illuminance reflected back at the
display. This provides a means of estimating the contribution of the environment to stray light hitting the screen
that originates from the screen. Typical landscape scenes, as photographers know, reflect about 18 % of the light
incident upon them.

We are making an
approximation to determine how
much a person standing in the
vicinity of the screen wearing a
white shirt will affect
measurements of small black
areas. Since an approximate value
iscalled for in the first part of the problem, we will use the long-distance approximations developed in A210 to
avoid the complicated integrations that a full treatment would require. The luminous intensity from the display is
| = LAcosg, where g is the angle from the normal of the display. Since we assume the card is centered at and
perpendicular to the normal of the display, we can use | = LA. With A = 6.750x10-2 m2, then | = 6.75 cd. The
amount of luminous flux hitting the card isF = | w= 0.6075 Im, where w= A’/z? = 0.0090 sr is the solid angle of
the card as viewed from the screen. Theilluminance on the card issimply E = F/A” = LA/z? = 4.69 Ix. Notice that
this expression for E is what we would have obtained if we had considered luminance in the determination of the
illuminance E = Lw = LA/z% where w = A/z” is the solid angle of the display screen from the viewpoint of the card
(see A214). The luminance of the card (assuming Lambertian) is L™ = r ¢E/p = 1.34 cd/m?.

Consider the specular reflectancer o= 0.11 for this configuration. With specular reflection we will use
the model that the reflected luminance is proportional to the luminance of the reflected object with proportionality
constant rs. The black corrupting luminance L. in the reflectionisgiven by L, =r " = 0.148 cd/m?. This seems
fairly small. But suppose you have a display that is capable of contrasts of 300:1 so that the blacks—even for small
areas—have luminances of Ly, = 0.333 cd/m?. The corruption of L. relative to black Ly amountsto a44 % error.
The black that you would measure is Ly, = Ly + Lo = 0.481 cd/m?, and the contrast reduces to 207:1. Of course,
this assumes that should you measure a small black sguare on a white screen, you know what you're doing. The
veiling glare of the lens system used in the instrumentation can contribute as much as 3 % of the white luminance
if proper care is not taken (see A101). Thus, a3 % veiling glare error Ly = 3 cd/m? would completely dominate any
reflection errors! 1t would reduce the measured contrast to 33:1, which is a serious error! Veiling glare is more of a
problem than people realize. Suppose you had a remarkably good lens with a 0.1 % glare for this arrangement.
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Y our contribution to black would be 0.1 cd/m? which is of the same order as the black corruption from reflections.
Your black measurement (including black corruption from reflection and veiling glare) would be 0.581 cd/m?, and

the apparent contrast would be 172:1.

Now, consider the spherical room. We want to estimate how much light will come back on our display
because of general reflections in the room from the light that the display produces. The luminous intensity from the
display is| = LAcosg. Consider an element of areadA = r 2dw = r sing dq df on the hemisphere centered on the
normal of the display with the polar axis aligned with the display normal, where dw = singdqdf is the solid angle of

the element as viewed from the center of the display. The flux hitting dAisdF =1
dw . Theilluminance on the element isE = dF/dA = | /r > = LAcosq /r 2. The
luminance (assuming Lambertian) isL” =r 4E/p = rdLACOSq Ipr 2, whereby the
maximum luminance is L yx = rdLA /pr ? = 0.0430 cd/m?. (If the sphere were
perfectly white then L' ypite = LA Ipr ? = 0.239 cd/m? .) To obtain the illuminance
reflected back on the display E” we use the idea of illuminance from the luminance
of the area element: dE” = L"dwcosg, and integrate over the hemisphere:
pl2 3|0
rdLAOdf Ocos g sing da = 2r dZLA- us|t_ 2 dzLA
r 31|, 3

where u = cosg is used for substltutlon. For our quantities,

E = 2r LA/3r? = 0.090 Ix (for a perfectly white room it would be 0.50 Ix). The
luminance of a perfectly white diffuse standard being hit with E” would be

Lgg = E'/p = 0.0286 cd/m? (0.159 cd/m? for a white room).

E¢=

Speaking, I'm sure, for the group as the chair: It is with
gr'ea‘r reluctance that we see and agree with your logic.

“How'd this  What will %, GLOAT "

- l/

[/ N /&
_ @ v g[@
l L

JOE WINS ONE!
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A217 REFLECTION MODELS

Abstract: A model of the bidirectional reflectance distribution function (BRDF) is provided and three types of
reflection are discussed: Lambertian (diffuse), specular (regular, mirror-like producing a distinct image), and

haze. 7
dL,
NOTE: Reflection characteristics are under study. Overly d Ei
simplistic models do not adequately characterize reflection
for modern displays. This materia is presented as an
annex. No measurement is currently specified in this
measurement standard to measure the BRDF or its
parametric representation. When the measurement is
simplified sufficiently to provide an adequate
parameterization of reflection, then a procedure will be
added. Until then, this represents an introduction to a more
rigorous model of reflection.

BRDF FORMALISM:

This reflection model is based on the
bidirectional reflectance distribution function (BRDF).
[1] Neglecting any wavelength and polarization
dependence, the BRDF is a function of two directions, the
direction of the incident light (q;, f;) and the direction from which the reflection is observed (g, ) in spherical
coordinates as shown in Fig. 1. The BRDF relates how any element of incident illuminance dE; from direction
(i, fi) contributes to a reflected luminance dL, observed from direction (g, ,):

d,@.f ) = B@;.f.a,f JAE @), (1)
where B(q;, fi, qr, fr) isthe BRDF. (In the literature the BRDF is often denoted by f, . We use B to avoid
complicated subscripts and confusion with other uses of “f ” within the display industry.) By integrating over all
incident directions in space, the luminance L(q,, f,) observed from any direction (q;, f,) can be determined by

2p pl2
L@t )= ¢ oB@ifianf)dE@;.f;). 2
0 0
The illuminance contributions dE; arise from luminance sources in the room. For each element of solid angle
dA /r? = dw = sing; dq; df; at a distance r; from the screen there is a source luminance L; (i, fi) producing
illuminance

Fig. 1. BRDF configuration showing incident and
reflection directions in spherical coordinates.

dE; = Li@;.f;)cosq;dw = L;(;.f;)cosq; sing;dq df , ©)
where the cosine term accounts for the spreading of the illuminance over alarger area as the inclination angle
increases.

The diffuse reflection model for a Lambertian surface relates the reflected luminance to the total
illuminance by L = gqE, whereq = rq4/ p isthe luminance coefficient, and r 4 is the luminance factor. For purely
Lambertian reflection we will call r 4 the Lambertian reflectance (r. may be appropriate). Specular reflection is
characterized in terms of the luminance of the source Ls and the specular reflectance factor r 4 so that the reflected
luminanceisgiven by L =r4Ls. Thisis the specular reflection that produces a distinct image as does a mirror; see
“distinctness-of-image gloss,” “specular reflection,” “specular,” in [2]; and “regular” in [4]. In these cases the term
“gpecular” or “regular specular” usually refersto reflection without diffusion away from the specular direction. In
this document specular reflection will be used to refer to the component of reflection that produces a distinct
mirror-like image. Similarly, Lambertian reflection, as used in this document, will refer to Lambertian-like
reflection—we avoid the use of the term “diffuse” since its definition is not quantitatively precise. Lambertian and
specular reflection models are inadequate to characterize reflection from all displays. Thereis athird type of
reflection that we will call haze, for want of a better term (see ASTM E-284 [2] and D-4449 [3]).

Many screens today have surfaces that disperse some of the specular light energy into other directions—a
process called diffusion; the object causing the diffusion is called a diffuser (see [2]). Using a point light source
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SNOISSNIOSId

Components of
Reflection

and
Combinations

a)B=D b)B=S c)B=H

d)B=D+S e)B=D+H fiB=S+H gB=D+S+H

Fig. 2. lllustration of the three types of reflection found in modern electronic displays. B refers to the BRDF
that can have a diffuse (Lambertian) component, D, a mirror-like specular component that produces a distinct
image, S, and a haze component, H. One component must exist. There are four combinations of the three
components. Any or all of the three components can exist nontrivially, or one component can dominate while
the other two components make a trivial contribution to the reflection (as in the case of the first three
illustrations).

200 mm to 500 mm away from the screen (such as a bare flashlight bulb), if you can see a distinct image of the
source in the reflection then the surface has a non-trivial (regular, mirror-like) specular component. If you can see
ageneral dark-gray background that is relatively uniform across the screen, then the screen has a non-trivia
Lambertian component. If you see a fuzzy patch of light surrounding the image of the bulb (or in the specular
direction) then the screen also has a haze component. In fact, the BRDF can be obtained from a measurement of
the reflection distribution from a point source, but the measurement is compromised because of glare arising in the
lens system used. See Fig. 2.

It isimportant to realize that not all components of reflection need to be observable, but |east one
component must exist, of course (Fig. 2a, b, c). There are displays that have entirely quasi-Lambertian diffuse
surfaces (e.g., white xerographic copy paper—Fig. 2a). There are displays that don’t have a specular component
and have only a haze component with the Lambertian component being negligible (10 the size of the haze
reflection peak in the specular direction—Fig. 2c). When the reflection of a point light source is observed in
screens with only a haze component, only afuzzy patch of light is seen in the specular direction and no distinct
image of the source is observed. There are displays that don’t have a substantial haze component and only exhibit
specular and quasi-Lambertian reflections—Fig. 2d. Many television CRT picture tubes are of this nature. In all
these cases, a multi-layer thin-film antireflection coating can be added to further reduce the reflections from the
front surface of the screen making the surface of the display appear quite dark. Thisis especially true in the case of
2b, 2c, or 2f where the Lambertian component is either absent or negligible. Another way to view the BRDF isto
hit the screen with a narrow laser beam and view the reflected light against a large white card in a dark room. The
distribution of the light on the white card is the projection of the BRDF onto a plane.

We can capture these three types of reflection explicitly with the BRDF formalism in terms of three
additive components: Lambertian D (for “diffuse” so there will be no confusion with luminance L), specular
reflection S, and haze H,

B=D+S+H, (4
where the components are defined by [1]
D=q=r4/p,
S=2r d(sin’q, - sinq;)d(f - f; +p), (5)

H = H(qilfilquf r)'
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In the specular term the delta functions d(...) are generalized functions that, roughly speaking, select the value of a
function within an integral: f(a) = o: f (X)d (x- a)dx. These functions simply assure that the specular
contribution only comes from whatever source may be located in the specular direction. They provide for a mirror-
like distinct image of the source in the viewed reflection. When we integrate this three-component BRDF over all

incident illumination directions by combining Egs. 2-5, the reflected luminance is given by
2p pl2

Li@,fe) =0+ reLs@,.fr tp) + o oHGi.fia..f)Li@;.fi)cosa;)dw. (6)
0 0

Thefirst term is the familiar Lambertian reflection where E is the total illuminance from all directions, and the
luminance coefficient q is expressed in terms of the Lambertian reflectance factor r 4 by q = r4 /p. The second term
isthe familiar specular reflection whereby the specular contribution is regulated by the specular reflectance factor
rs The specification of (q,f,p) simply selects the light from the viewing direction (q, ,f,) reflected about the
normal (z-axis), i.e., the specular direction associated with the viewing direction. The last term is the haze
contribution.

Because the full BRDF is afour-dimensional function (neglecting polarization and wavelength), to
measure it completely would require alarge amount of data and the measuring instrumentation would be
expensive. However, because we are using displays, we are often able to take advantage of some simplifications
that reduce the amount of data required so that this formalism is manageable. First, note that most displays are
viewed from the normal direction (or at least from one direction), and the range of angles to observe the entire
screen from the normal position are usually on the order of £30°. For electronic displays, it is often found that the
shape of the BRDF does not change appreciably over this
range—see Fig. 3. Thus, areduced BRDF B(q;, f;) ° B(q;, fi, 0, 0)
is often adequate for many reflection characterizations of
displays. In the following the subscript “i” denoting the incident
illumination will be dropped from the spherical coordinates and
isto be understood. We will from now on be considering the
reduced BRDF as being adequate for display use:

B(q’f)o B(qirfirol O)'

If the BRDF is seen to be symmetrical about the specular
direction then the BRDF is independent of f, B(q, f ) = B(q).
When the reflection of a point source is observed for a screen
having arotationally symmetrical BRDF the haze reflection will
appear to be perfectly round without any spikes. For such a case,
acquiring a suitable BRDF for displays amounts to taking an in-
plane BRDF where the detector is held near the normal of the - it
screen and the source is rotated about the normal in the -
horizontal plane. However, becatise of structure behind the front ~ Fig- 3. For many displays, the BRDF appears
surface of the display, this last reduction is sometimes not to have approximately the same shape as
possible, i.e., the BRDF is not always rotationally symmetric viewed all over the screen froma single
about the normal—see Fig. 4. For such screens, the BRDF isno ~ 0bservation point near the normal.
longer a simple function to measure.

Methods to obtain the BRDF are well documented and will not
be reviewed here. [5-8] When there is a non-trivial specular and non-
trivial haze component, the measurement of the BRDF must be made
carefully using well-designed apparatus where the signature of the
apparatus can be used to better understand the results. [7,8] When there
isjust a haze component—as with a number of FPDs—the BRDF
measurement can be made more easily than when a non-trivial specular
component exists in addition to the haze. In Fig. 5 we show the BRDF of
a sample that possesses all three components of reflection such as
illustrated in Fig. 2g. The specular component is manifested by a sharp
peak, the haze profile has both a peak value and a width, and the
Lambertian component manifests itself as the quasi-constant

Fig. 4. A display BRDF that is not
rotationally symmetric.
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Fig. 5. BRDF of sample material with obvious Lambertian component. Inset shows detail of peak. The resolution
of the BRDF apparatusis 0.2°, and a point source is employed to obtain the BRDF. Two presentations of the same
data are provided; the log-log plot is useful for revealing the details at the peak.

background. In order to resolve the delta-function-like behavior of the specular component, the apparatus has a
resolution of 0.2°. Decreasing the resolution of the apparatus (increasing its acceptance angle) will diminish the
distinctness of the specular peak until it becomes unresolvable as a separate peak and is smeared in with the haze
profile. The resolution of the apparatus depends upon both the detector and source configuration. Y ou will note
that, very roughly speaking, the specular component is roughly ten times the haze peak that is roughly 100 times
the Lambertian component. This kind of range of magnitudes in the reflection components can be found in a
number of displays. The fall-off at the angles above 60° may be due to sheen, which is an increase in the reflection
of asurface at grazing angles where even a matte
surface can appear specular. The Lambertian
component would be the flat area indicated.

To better see how these three components
arerelated, consider avery small uniform disk of
light used as a source having a solid angle wfrom
the center of the screen and luminance L. Let’s
suppose we are looking in the specular direction at
the reflection of the small disk, and we determine
the luminance L of the center of the reflected
image—see Fig. 6. Let the haze profile H have a
peak of magnitude h in the specular direction.
Since the sizeis small, the integration in Eq. 6 is
simply hLw = hEg, where Es = Lwisthe
illuminance from the source onto the screen. Then
Eq. 6 simplifiesto

=(g+h)Es+rds. (7
Thus, we see that haze is like Lambertian
reflection in that it is dependent upon the
magnitude of the illuminance, but it is like
specular reflection in that it is peaked in the specular direction. As we move the source closer to the screen (or
further away) the term proportional to the illuminance increases (or decreases), but the specular term remains the
same, independent of distance. Thisiswhy the eye sees the three components as separate for they each act in
different ways with respect to a source of light. In fact, specular and Lambertian reflection components are the two
extremes of the haze profile. One extreme shape of the haze profile (or BRDF) isto be flat (constant) as a function
of angle for the Lambertian reflection. The other extreme shape of the haze profile is a delta function for the
idealized specular reflection. (Of course, the delta function is a mathematical abstraction of a practical situation,

Measured
Region

N5

Fig. 6. Examination of contribution of three components of
reflection from a small uniform source.
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Fig. 7. View from the standpoint of the detector. A small annulus is used to separate the specular component
from the haze and Lambertian components. A mirror permits the determination of the glare factor, and a diffuse
white standard permits a measurement of the illuminance.

but it is a convenient mathematical construct to permit the parametric characterization of the BRDF and, hopefully,
better enable calculations of reflection from luminance distributions given the screen reflection properties.)

When the front surface of the display can be placed in close proximity to the pixel surface, e.g., 1 mm or
S0, the specular component can be completely eliminated in favor of a haze component with atrivial Lambertian
component in the background. When the front surface of the display cannot be placed near the pixel surface, then a
strongly diffusing front surface cannot be used because it would obscure the pixel detail. This can be demonstrated
by trying to read printing through wax paper held approximately 10 mm above the printing compared to the wax
paper placed directly on the printing.

Many reflection characterizations mix the three components in different ways. For example, the reflection
measurements outlined in 308-3, 4, and 5 are typical display reflection measurements used in the display industry.
When displays have al three components of reflection, these types of measurements will mix the components
rather than distinguish the components. Many other types of reflection measurements similarly mix some or all of
the three components together. The goal of the present research is to characterize reflection in the way the eye sees
screen reflections, and, if possible, develop an appropriate parameterization of the three components of reflection
based upon simple measurements—a large order. In what follows, we present some recent devel opments toward
that end.

ATTEMPTSTO PARAMETERIZE REFLECTION CHARACTERISTICS:

Figure 7 shows the reflection of an annular light source in the screen. Either a LMD with avery small
angular field of view (AFOV) or an array LMD can be used. If the annulusis visible as a distinct virtual image,
then there exists a non-trivial specular component; if not, then the measurement becomes simple, and only a haze
peak plus any Lambertian contribution is present. We will assume all three components are non-trivial for this
examination since that is the most difficult case. By measuring the luminance associated with the annulus as
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reflected by the screen and as reflected in amirror, we are able to determine the haze peak and the specular
reflectance factor, provided an estimate or measurement has been made of the Lambertian reflectance contribution.
The annulus subtends a small angle to attempt to take advantage of as much flatness of the haze peak asis
possible, that is, the angle of subtense of the annulusis small in the hopes that the haze doesn’t change
significantly across the annulus. The luminance observed at the center of the black portion of the annulusis the
haze and the Lambertian reflection combined,

Lc=(q+ h)Es, 8
but when we look at the ring of the annulus, we add in the specular term r oL ..
La=(q+h)Es+rds (9)

For many display technologies, the haze peak h, if present, will often be much larger than the luminance
coefficient q characterizing the Lambertian component.

The Lambertian component D = gE; can be obtained in severa ways. It isimportant to note that for some
technol ogies the Lambertian component is very small, three to five orders of magnitude less than the haze peak.
When such is the case, only an approximate value would be required. When the Lambertian component is a few
percent, it becomes easier to measure as is the case for the sample material used in Fig. 5 where the constant-value
plateau is the Lambertian component. Some of the ways to obtain estimates of the Lambertian component are
shown in Fig. 8. Theilluminance in al cases of Fig. 8 can be measured directly with an illuminance meter or
measured indirectly using a diffuse white standard placed parallel to the screen surface and in the approximate
plane of the screen for which

E= Lstd/(l’ std COSq), (10)
where q is the angle between the display and the

LMD axis. The Lambertian component can also be FPD
obtained by non-linear fitting of the BRDF (with
the specular component not included) to afitting
function with a constant term such as

H+D-= h +q, (11)

1+|q /W|n+b|q/u|m Source

where n and m are real numbers (not necessarily
integers), and the width is characterized by w and
u. Often agood fit can be obtained where q is LMD
manually set using trial values obtained by a) b) )
inspection of the BRDF profile. Sometimes an Fig. 8. By tilting the source and screen relative to the
addition of two such functions will be needed. There  optical axis of the LMD, an estimate can be made for the
is much flexibility in fitting the above function to Lambertian term: a) source at 60° to 70°, b) display at 45°
typical BRDF curves—too much. Hopefully, more  with source perpendicular to display surface, c) source near
suitable functions will be found that permit low- the LMD but with the display at 45°.

uncertainty estimations of the shape and width

parameters. However we do it, the result isthe

determination of g, the luminance factor. Folded
In making measurements of the annulus, we have to be

careful about glare corrections. When amirror is put at the surface of

the center of the screen, it permits the view of the source without any Mirror

Lambertian or haze contributions, and that will enable aglare

correction. Black glass works well since its reflected luminance is of L

the order of the reflected luminance of the screen (in many cases), or a

quality front-surface mirror may be used. If you want to measure the

source luminance (of the annulus source) using the mirror you must

calibrate the reflectance of the mirror r , at the angle g it is to be used. .

Figure 9 illustrates an arrangement where the luminance of a sourceis Lo d+z

Source ds

measured through the mirror in the folded configuration using the Fig. 9. Calibration of mirror reflectance
same specular angles to be used in the measurement of the display. and direct measurement of source
The source can have alarger exit port than the one used for the luminance.

annulus so long as the entire image of the exit port is observed in the
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mirror. (The reason for insisting that the distance d + z be preserved and that the entire exit port be visibleis so
that the measurement with and without the mirror will have the same geometrical configuration in order to avoid
any glare problems within the lens system.) The reflectance factor for the mirror is

rm=L /L, (12)
where L, is the reflected luminance and L, is the source luminance used in the mirror calibration.

Referring to Fig. 7, we can measure the source luminance of the annulus L directly with the unfolded
distance between the source and LMD being the same as when folded in the specular configuration (asin Fig. 9).
We can also employ the reflectance calibration of the mirror r , to measure the source by means of the mirror when
in the folded configuration:

Ln- Ly=rmls, (13)
where the annulus luminance through the mirror is L, and the luminance of the glare at the center of the annulus
through the mirror is Lg. In the event of some nonuniformities in the light from the annulus, it is wise to measure
the annulus in several places and take an average. The glare correction factor

L
9
g= (14)
Ly - Ly
is obtained by measuring the annulus through the mirror or by measuring the annulus directly.
To determine the haze peak we will need to know the Lambertian contribution since these two terms add

(h + g)Es. The luminance of the Lambertian term L is given in terms of the previously determined luminance
coefficient q:

Ly =0Es = qlew = qg%, (15)

where wis the solid angle associated with the annulus, r is the distance between the annulus and the screen, A, is
the area of outer diameter of the annulus, and A. is the area of the inner diameter of the annulus. The Lambertian
contribution can be determined from Eq. 15 using either a measurement of the illuminance Es or from a knowledge
of the apparatus configuration (A,, A, r) and the source luminance L. The illuminance can be measured using a
diffuse white standard Es = Lgq/(r &4 COSgs) OF by direct measurement using an illuminance meter. The luminance of
the source Ls may be obtained from a direct measurement of the source or through the mirror:

Ls=Lm-Lg, direct measurement of annulus (mirror not used), or (16)
Ls = (Lm- Lg)/rm, using the mirror to measure luminance of annulus. an

How well Ly measures using the illuminance value, E;, compares with the result obtained from a measurement of
the annulus luminance, L, provides some indication of the quality of the apparatus.

The mirror is removed and the reflection of the annulus in the screen is measured. The ring of the annulus
measures L, (it is good to average the values around the ring—top, bottom, left, right) and the center measures L.
The specular reflectance factor is simply

. 9 (18)

The net luminance from the haze peak is obtained by subtracting the glare and the Lambertian term from the
center luminance: L. - gb,- Lq = hEs. Solving for the haze peak we obtain

- rz(Lc‘ gl—a' Ld) - Lc' gl—a' Ld
Ls(Aq - A) Es

where we can use either a measurement of the illuminance Es (using a white diffuse standard or by direct
measurement with an illuminance meter) or a measurement of the luminance of the annulus L and the associated
geometry of the configuration.

We now have the specular reflectancer s, the haze peak h, and the Lambertian luminance coefficient q
that is related to the Lambertian reflectancer 4 = pg. The areathat is most difficult to measure on the BRDF is the
peak(s) associated with the specular direction—the specular peak added to the haze peak. Since this method may
provide those parameters, the rest of the BRDF profile can be more easily obtained using detectors with larger
apertures permitting an apparatus with lower resolution.

: (19)
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Much needs to be done before this technique can be assured. We need to test alarge variety of displaysto
be sure the model is applicable. The method needs to be tested so that curved-surface screens such as CRTs can be
included. We need to determine the effects of the entrance pupil size of the LMD. How the sharpness of the haze
peak affects the result using a finite-sized annulus needs to be determined.

References:

[1] F. E. Nicodemus, J. C. Richmond, J. J. Hsia, I. W. Ginsberg, and T. Limperis, Geometrical Considerations
and Nomenclature for Reflectance, NBS Monograph 160, October 1977.

[2] ASTM Standards on Color and Appearance Measurement, 5" edition, E 284-95a, “ Standard Terminology of
Appearance,” definition of haze, p. 243, 1996.

[3] ASTM Standards on Color and Appearance Measurement, 5" edition, D 4449-90 (Reapproved 1995),
“Standard Test Method for Visual Evaluation of Gloss Differences Between Surfaces of Similar Appearance,”
pp. 178-182, 1996. This discusses distinctness-of-image gloss and reflection haze.

[4] ASTM Standards on Color and Appearance Measurement, 5" edition, E 179-91a, “ Standard Guide for
Selection of Geometric Conditions for Measurement of Reflection and Transmission Properties of Materials,”
pp. 210-215, 1996.

[5] ASTM Standards on Color and Appearance Measurement, 5" edition, E 1392-90, “ Standard Practice for
Angle Resolved Optical Scatter Measurements on Specular or Diffuse Surfaces,” pp. 439-444, 1996. Refers
alsoto [6].

[6] ASTM Standards on Color and Appearance Measurement, 5" edition, E 167-91, “ Standard Practice for
Goniophotometry of Objects and Materials,” pp. 206-209, 1996.

[7] M. E. Becker, “Evaluation and Characterization of Display Reflectance,” Society for Information Display
International Symposium, Boston Massachusetts, May 12-15, 1997, pp 827-830.

[8] J. C. Stover, Optical Scattering, Measurement and Analysis, SPIE Optical Engineering Press, Bellingham,
Wash., USA, 1995.

If it is unknown and unknowable, then
why do we want o know it??

, Shut-upl!

Hint: See A221
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A218 DIGITAL FILTERING BY MOVING WINDOW AVERAGE

Purpose: The purpose of this discussion is to describe a simple method of performing low pass filtering and band
stop filtering by a digital moving window average filter (MWAF, aso known as a running average), and to
describe some benefits and limitations of this approach.

M easurements such as 305-1 (Response Time) and 305-3 (Warm-Up Time Measurement) collect multiple
discrete luminance values over time, and then examine the resulting luminance/time waveform for features such as
maximums and minimums. The uncertainty and repeatability of this feature analysis can often be improved by
filtering out sample to sample noise (low pass filtering) or by filtering out superimposed periodic “ripple” (band
stop/notch filtering).

The purpose of this discussion to describe a smple method of performing low pass filtering and band stop
filtering by a digital moving window average filter (MWAF, also known as a running average, see glossary), and to
describe some benefits and limitations of this approach. Note that there are better noise and band pass filters to be
found in any book on digital filtering, and that this discussion is not intended to preclude or discourage the use of
such filters. The use of the MWAF is proposed for the purposes of this specification for the following reasons:

1. The MWAF is one of the simplest digital filters, and is therefore relatively easy to implement, especially in
limited programming environments such as spreadsheets.

2. The simplicity of the MWAF also means that there is less risk of having a measurement corrupted by a bug in
the digital filter, since the MWAF is relatively easy to validate by hand.

3. The MWAF is one of the filters most likely to be found pre-installed in equipment such as digital storage
oscilloscopes.

4. The MWAF, when used within the constraints listed below, yields results very close to the results of more
sophisticated filters.

5. The MWAF, when compared to more sophisticated filters, often yields smoother waveforms at maximums and
minimums, making measurements based on maximums and minimums easier and more reproducible.

6. The MWAF, when used as a ripple filter, filters out any periodic ripple waveform, including the sawtooth
waveform and other more complex waveforms characteristic of FPD refresh.

Definitions:
SampleRate = rate at which samples are collected, in samples/second
SampleCount = number of samples collected.
RawData[0...SampleCount-1] = Input array of raw data samples
FilteredDatd[0... SampleCount-1] = Output array of filtered data samples.
FilterPeriod = period of ripple to filter out (see discussion below).

MovingWindowAver ageFilter:
In order to be clear on just how the MWAF can be accomplished, the following is a simple hypothetical
pseudo-code computer program to perform the MWAF:

FilterCount = NearestInteger(FilterPeriod / SampleRate)
FC2 = FloorInteger(FilterCount/2)
for | = FC2 TO SampleCount-(Filtercount-FC2)

{
Sum=0
forJ=(I - FC2) TO (I - FC2 + FilterCount -1)
Sum = Sum + RawData[ J]
FilteredDatd[1] = Sum / FilterCount
}

Each element in the FilteredData output array is set to the average of the FilterCount elements in the
RawData input array centered on the current index (1). Note that when FilterCount is an even number, the

APPENDIX — page 235 235



A200 ]@ A200 TECHNICAL DISCUSSONS

resulting FilteredData is time shifted by SampleRate/2 toward the origin. Odd values of FilterCount do not exhibit
this time shift.

The filtered average is not computed in cases where the moving average window would extend outside
the RawData array, as thiswould result in less filtering near the beginning and end of FilteredData (this causes
problemsin ripple filters, since the ripple is not fully suppressed at the beginning/end of FilteredData). If desired,
the uncomputed elements at the beginning/end of FilteredData may be extrapolated by being set to the first/last
computed elements, respectively.

Noise Filter:

The moving average filter may be used as a sample-to-sample noise (or low pass) filter. In this
application, FilterPeriod should be a small fraction (typically £ 10 %) of the measured quantity. For example, when
measuring a rise time of 20.0 ms, the FilterPeriod should be 2.0 ms or less to avoid excessive smoothing of the
waveform to be measured.

Ripple Filter:

The moving average may aso be used as a crude band-stop filter to filter out a recurring periodic
waveform (ripple) superimposed on top of the waveform of interest. For example, an LCD frame refresh waveform
with aperiod of 16.6 ms may be superimposed on top of a 120.0 ms turn-on waveform. In this application,
FilterPeriod should be set equal to the ripple period. When correctly applied, thisfilter can greatly reduce the
superimposed ripple. The filter may be applied multiple times to block out multiple ripple waveforms with different
periods.

Some limitations of this approach:

FilterPeriod should equal the ripple period as accurately as possible.

FilterCount should be aslarge as possible (at least 10, preferably > 20). This can be accomplished by increasing
SampleRate, or by setting FilterPeriod to an integer multiple of the ripple period (but only in cases where the
ripple amplitude does not vary greatly during the resulting FilterPeriod). Another approach isto digitally
resample the data to yield an higher SampleRate.

When FilterPeriod is similar to the measured quantity, the waveform of interest may itself be filtered enough to
alter the measured quantity. For example, when filtering a 16.6 ms ripple waveform superimposed on top of a
25.0 ms turn-on waveform, the turn-on waveform might be smoothed enough so that the measured turn-on
timeisincreased to 30.0 ms. This error may be acceptable, especialy in cases where the turn-on time would be
very difficult to measure due to the large superimposed ripple. Another approach would be to use a more
sophisticated notch filter.

236 APPENDIX — page 236



A200 TECHNICAL DISCUSSIONS ]@ A200

A219 COLLIMATED OPTICS

Purpose: We introduce you to a LMD that does not image the source. These devices place a detector at the position
of the focal length of the lens (not at the focus of an image). The size of the detector and the focal length of the lens
determine the angles of the rays of light that contribute to the measurement. Thus, the LMD may be placed close to
the surface of the display yet not accept light from a wide angle of view.

A typical spot
photometer uses imaged JL d
optics, wherelightisfocused ~ ——F====-----________
onto a sensor at an image [T TTTTTCCTICIIczzz===Ess . .
plane located behind thefocal [~~~ A EI bgll’ Optic
point of the lens system. The aa aple
image is formed beyond the

focal point of the lens. With
collimated optics, no image is /T/’\ Q
formed and the sensing device

(in this case a fiber optic cable L Dr
attached to the LMD) is placed | ———————-_ZIZIIZZZzzzzss

at thefocal point of thelens. o f----""""""""" | f >

In this way the collimated TDM D,

optical system can scan alarge

area, be close to the area, and

keep all measured rays of light Fig. 1. Typical configuration using collimated optics.
staying within +qu of the

optical axis.

In the imaged optics case, the diameter of the measurement area (Dy) is controlled by the angular field of
view or aperture angle ga and measurement distance d as follows: Dy = 2dtan(ga/2). For example, if d = 500mm
and ga = 2°, then Dy, = 17.4mm. (Keep in mind that for these narrow angles ga @tanga with g in radians.)

In collimated optics systems, light is collected at the focal point, typically using afiber optics cable. Since
the fiber optics cable has a non-zero diameter, the system has a non-zero divergence angle ga, as opposed to a
perfect “searchlight” beam illustrated by the dotted lines parallel to the optical axis above. This divergence angle,
which is equivalent to the angular field of view (or aperture or subtense angle) for an imaged system, is controlled
by the collimated optics lens geometry and by the fiber optics cable diameter.

In the collimated optics case, the diameter of the measurement areais controlled by the lens diameter D_,
the aperture angle qa , the focal length f, the diameter of the fiber Dg, and the measurement distance d as follows:
ga = 2arctan(Dg/2f), and Dy, = D + 2dtan(qa/2). For example, if D = 12.5mm, d = 100mm, and g = 1°, then
Dy = 14.2mm.

Since a collimated optics system does not require focusing, it may be used either close to the display (asin
agoniometer), or farther from the display (to facilitate reflectance measurements), as long as the resulting
measurement area is appropriate to the measurement.
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A220 MEASURES OF CONTRAST—A TUTORIAL

Abstract: The fidelity with which contrast is conveyed from an input pattern to the measured light on a display
screen depends on the spatial variations of the pattern. This fidelity is commonly measured using one of two suites
of input periodic patterns: black-and-white square waves of various spatial frequencies, and fully modulated sine
waves of various spatial frequencies. For each pattern of either suite, a single number is reported, equivalent to the
Michelson contrast (Limax - Lmin)/(Lmax + Lmin). The square-wave inputs have the advantage of ease of production and
measurement on a pixel-meshed screen. The sine-wave inputs have the advantage that they always generate sine-
wave outputs if the transfer is linear and shift-invariant from input to output. Analysis methods based on both these
suites (the latter of which is called the Modulation Transfer Function, or MTF, method) are explained in this
tutorial.

1. MOTIVATION AND OVERVIEW

An optical system cannot accurately reproduce all of the spatial frequencies incident upon it. In particular,
there is a maximum spatial frequency, known as the cutoff frequency, above which any input contrast is
represented as zero output contrast. There is an inherent upper limit to the spatial-frequency spectrum in the case
of adigital display; thislimit is determined by the pixel spacing. No spatial-frequency information can be
displayed whose pitch is less than the pixel spacing. Depending on the distance between the eye and the display,
one or the other of these two factors limits the detail that can be discerned in the displayed image. If the eyeis
close enough to the screen to resolve the individual pixel elements, then clearly the pixel spacing determines the
resolution limit. If the eyeis too far away from the display to resolve individual pixels, then the limiting factor is
the eye. For purposes of this tutorial, only the behavior of the display will be considered; the eye will be ignored.

How can one quantify the contrast performance of a digital display system? One sensible choiceisto
measure the optical transfer function (OTF), a choice that has long proven to be avery good way of characterizing
high-quality optical systems. The OTF is a measure of how the contrast in an object is transferred to an image
formed by an optical system, e.g., from the display to the retinain the eye. The underlying construction isto
decompose (linearly, in two dimensions) the input object and output image into a Fourier series of sine and cosine
waves of different spatial frequencies. Given the assumption that an optical system effects alinear transfer from
object to image (and also a bit more, as will be explained in Section 3 below), all the frequency componentsin the
input object are separately scaled in traversing the optical system, and then recombined (superposed) to produce the
output image. Although the OTF is a complex function, with both real and imaginary parts, only its modulus is
significant in analyzing most flat panel displays. When the blur incurred by the opticsis symmetric (asistypically
the case), the phase portion of the OTF can be ignored. The modulus of the OTF istypically referred to as the
modulation transfer function (MTF).

A computer display can be analyzed in terms of the MTF, just as pure optical systems can. However, it
must be remembered that there are differences between the traditional optical concepts and those that are operative
in the digital display. One obvious difference is that the display is not purely optical but turns electrically induced
input patterns to light outputs. Assuming that compensation has been made for point nonlinearities (such as
gammain a CRT), the main consequence of thisfact is that, whereas light from the optical system is a continuous
(analog) field, the light from a computer (flat-panel) display is more accurately represented as discrete (digital)
picture elements. Hence, sine waves are not a natural representation of the digital image, even though they are
convenient to manipulate using the MTF formalism. A case can be made, therefore, for using an aternative to the
MTF, replacing input sine waves with square-wave patterns. This alternative is called the grille method. Rather
than try to canonize the MTF or the grille method as the correct way to assess the contrast of adisplay asa
function of spatial frequency, this tutorial discusses both methods in a common context.

Both the MTF and the grille method use the concept of spatial frequency. The former expresses the spatial
frequency of a one-dimensional sine-wave test pattern through the number of cycles per millimeter; the latter
expresses spatial frequency through the number of line pairs per millimeter (Ip/mm), where aline pair consists of a
light line next to a dark line (both having the same width). In either representation, the spatial-frequency spectrum
is continuous and varies from the equivalent of “dc” to frequencies up to several thousand line pairs (or cycles) per
millimeter. As the frequency increases, the MTF, and also the grille contrast response, typically decrease: the blur
incurred by the optical system affects fine detail more than it affects coarse image features. To convey the further
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commonality of the MTF and grille methods, we first review the grille method, and then proceed to the details of
the MTF.

2. THE GRILLE METHOD OF QUANTIFYING CONTRAST

The grille method probes a display with several input patterns (grilles) of varying fineness, each grille
being uniform in one dimension and a square wave in the perpendicular dimension. This geometry can also be
described as a periodic series of bright and dark lines, usually of equal width. Fineness (spatial frequency) is
defined as “line pairs per millimeter” or “line pairs per (angular) degree.”* Thisis analogous to temporal frequency
(Hertz) except that distance or angle is used instead of time. In the case of a computer display, a screen that is
entirely one gray level would have a spatial frequency of zero.” When the display has a series of black and white
bars, each approximately 25 mm (1 in) wide, then the spatial frequency is 0.04 lines per millimeter or 0.02 line
pairs per millimeter. If there are about 25 pairs of black and white linesin 25 mm, then the spatial frequency
would be 1 line pair per mm.

For each spatial frequency of the input square wave, a single number is measured on the output pattern
(which is no longer a square wave) that represents the contrast of that output wave. This number is referred to as
the Michelson contrast (Boynton, 1966), defined as

min

where Ly IS the maximum luminance from the brightest portion of the image, and Ly, is the minimum
luminance from the dimmest portion of the image. The Michelson contrast has a range of values between zero and
one. Suppose one value of Michelson contrast is measured for each spatial frequency of input grille. Each such
number is called a grille contrast, and the set of such numbers might be called a grille contrast function, in analogy
with the MTF. Unlike the MTF, however, the grille contrast does not convey al the information about the grille
distortion in passing from input to output.

An alternative, yet equivalent, performance metric to Cy, is contrast ratio Cg, defined as

Cg = t:ax .

The value of Cr (equivalent to Cg in Section 303-2 or Cr in 302-3) can be quite large, since the denominator can
become small for a very good display in a dark room. Michelson contrast and contrast ratio are related to one
another as follows:

_CREl -
Cm—m and CR—

1+C,
LC,°

It should be noted that C, istraditionally used to characterize CRT displays, so the use of C,, would facilitate
comparisons of FPDs and CRTs. However, note that C,, is relatively insensitive to comparisons involving high
contrasts. If there is some ambient light that is reflected or scattered towards the user, then L, will not be zero and
the Michelson contrast will never reach 100 %. Of course, in adark room, there will be essentially no ambient
light and the Michelson contrast would be expected to be able to approach unity.

These remarks illustrate the different representations of contrast that are equivalent to the Michelson
contrast. However, the Michelson contrast itself has a distinguished status among all these representations, because
itisprecisely what is evaluated in MTF analysis (albeit for different input patterns). This will be clear in Section 3.

3. THE MODULATION TRANSFER FUNCTION
The following introduces the MTF in general terms; the application of the MTF in a CRT-measurement
context is more fully discussed in EIA (1990), and can be carried over directly to flat-panel displays.

! These two measures are essentially the same. The selection of which one is used depends on the
geometry of the situation. If the spatial frequency is measured on a display, it may be convenient to measure the
periodic pattern in terms of lines per millimeter. On the other hand, if oneislooking at atarget, then the distance
between the eye and the target will affect the spatial frequency and then the angular metric may be more
appropriate.

2 Strictly speaking, such adisplay will have a“zero” or “dc” spatial frequency of the reciprocal of the
width or height of the display.
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3-1. Representing linear systems by convolutions

In order for alinear system to have adefined MTF, it must be shift-invariant, i.e., the outputs associated
with agiven input (in space or time) must not depend on the space or time at which a given input is delivered.
Furthermore, the attribute of linearity means that (i) if input | produces output I', then a scaled version of the input
ki produces output ki'; and (ii) if input 1, produces output I';, and input I, produces output I',, then input I, + I,
produces output I'; + I',. These properties can be shown to imply that the operation of the linear device can be
represented as a convolution on the input to produce the output.

In two spatial dimensions,
¥ ¥

LX,y) = ¢ of (X6 y§ 1(x-xgy -y dxayee T(x,y)*1(xy) «y

BV

where T(x,y) is called the point-spread function of the system, and the star denotes convolution. Although T(x,y)
characterizes the system independent of the inputs and outputs, the function T(x,y) can be measured by using a unit
point of input (the delta function, whose value is zero except at one spatial location, and whose integral over all x-y
spaceis 1), and recording the value I'(x,y) at al output times. Hence the name point-spread function.

In one spatial dimension,
¥

la(x) = T (% 1 (x- x§ dxeo T(x)* 1(x), 2
- ¥

where T(X) is called the line-spread function of the system. Although T(x) characterizes the system independent of
the inputs and outputs, the function T(x) can be measured by using as input a unit line impulse in space (the delta
function, whose value is zero except at one value of x, and whose integral over all x is 1), and recording the value
I'(x) at all output times. Hence the name line-spread function. It is assumed here that, on the screen, they
dependence of | and I' does not exist or has been averaged out. Characterizing a two-dimensional optical system
with aone-dimensional test pattern such asalineis also permissible if the system isisotropic, i.e., the direction of
the line does not matter.

The term "modulation transfer function” is used in conjunction with systems in one spatial dimension (as
in EqQ. 2, or for isotropic two-dimensiona systems completely characterized by a line-spread function independent
of direction. However, the term does not apply to full two-dimensional spatial systems (asin Eq. 1). Therefore, this
tutoria will deal only with Eqg. 2.

3-2. Defining the MTF using the Fourier Transform

Aswill be shown in this section, when a cosine wave is input into a shift-invariant spatial system, it
resultsin an output that is a shifted and scaled (attenuated) replica of the input. For a system with a symmetric
line-spread function (such as characterizes most optical systems), the spatial shift is zero, and the MTF is defined
astheratio of attenuation as a function of the spatial frequency of the input wave to the attenuation of dc (zero-
frequency).

For one spatial dimension, a unit-amplitude cosine wave with spatial frequency f (perhapsin cycles per
visual degree, or cycles per centimeter of screen width) is

¥

16(X) = T (x9 coq 2pf (x - x] dx¢

-y

¥ ¥
=cos(2pfx) 3T (x9) cos(2px9 dxe +sin(2pfx) T (x9 sin(2pfxe) dxe
¥ - ¥

o A(f) cos(2ox) - B(F)sin(2pf¥)

o |[M(f)|cos(2pfx-f). (3)
In the third line of Eq. (3),

240 APPENDIX — page 240



A200 TECHNICAL DISCUSSIONS @ A200

¥

A(T)= T (x9 cos(2pfx9 dxe 4
and B
B(f)=- T (x9sin(2pfxg dxe (5)

¥
are the real and imaginary parts of the Fourier transform of T(x) (see Bracewell, 1978). In full, this Fourier
transform is given by

M(f)=A(f)+ ] B(f)

= ¥C‘)T(xa) exp(- j 2pfxd dxe ©

where j = V- 1. Inthefourth line of Eq. (3),

IM(f)|=[A(f)? +B(f)*]"? (7)
is the modulus of M(f), and

f =arctan[B(f)/A(f)] (8)
is the phase of the Fourier transform.

Equations (3)-(8) show that a shift-invariant linear system incurs a very simple transformation on an input
cosine (or sine) wave: the output is an attenuated, phase-shifted replica of the input. The attenuation factor is given
by |M(f) |, and the phase shift (in radians) is given byt .

In general, the function M(f) is called the optical transfer function of the system whose line-spread
function is T(x). However, if T(X) is symmetric [that is, if T(X) = T(- x) for all x], then B(f) = 0, M(f) = A(f) isarea
function, and M(f)/M(0) isin that event called the modulation transfer function (MTF) of the spatial system. This
particular usage—for the optical domain, and in particular to characterize lenses and human visual sensitivity—is
documented by Cornsweet (1970) and by Wandell (1995). It should be appreciated that the symmetry of T(x) isa
good assumption for a flat-panel display, so this restriction does not impair the usefulness of the MTF.

The derivation of the term "modulation transfer function” becomes clear in the optical context when one
remembers that light cannot have negative intensity, hence one actually measures an optical system with the fully
modulated cosine wave 1 + cos(2pfx) rather than with cos(2pfx). The output from this waveform is

M(0)[1 + m cos(2pfx)], where mis the modul ation depth of the waveform associated with frequency f. The factor m
is, in fact, the MTF M(f)/M(0) evaluated at frequency f.

3-3. Useful propertiesof the MTF

As can be seen from Section 3.2, in one spatial dimension with a symmetric line-spread function, the
MTF isthe (rea) Fourier transform of the line-spread function, normalized so the dc valueis 1. In the Fourier
domain, Egs. (1) and (2) become particularly ssmple, due to the convolution theorem (see Bracewell, 1978):

If 1'(t) = T(O)*1(t), then I'(f) = T(HI(F). 9
Here, I(f), T(f), and I'(f) the respective Fourier transforms of 1(t), T(t), and I'(t). Hence, in the Fourier-transform
domain, a convolution between two functions becomes represented as a simple multiplication, frequency-by-

frequency. In performing digital simulations of shift-invariant linear systems (optical or electrical), the convolution
theorem becomes especially useful for two reasons:

(8 There may be reason to perform multiple convolutions, which are expensive computationally; and

(b) Thereisamethod of performing the Fourier transform that is very efficient: The Fast Fourier Transform,
developed by Cooley and Tukey in 1965 (see Bracewell, 1978).

These rather formal considerations are closely related to an informational advantage of the MTF over the grille
contrast function (described in Section 2). To understand that advantage, it is helpful first to realize that the MTF
and the grille-contrast function are measured the same way but using different input patterns: each point of the
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MTF is aMichelson contrast, this time measured using fully modulated sine-wave inputs instead of square-wave
inputs. To see this, imagine a fully modulated input sine wave

1(x) = A[1 + cos(2pfx)]. (10)

Using the property that sine waves are at most scaled by alinear, shift-invariant system with a symmetric line-
spread function, we can now write the following expression for the output sine wave:

L(x) = Ala + b cos(2pfXx)]. (1)
The Michelson contrast of this output function isthen (Lyax - Lmin)/(Lmax + Lmin), Which in this caseis
Cn=2b/(2a) = b/a. (12)

But the MTF of the system isthe ratio of the Fourier transform of Eq. (11) at frequency f, divided by the Fourier
transform of Eq. (11) at frequency 0. The numerator is Ab/2, and the denominator is the mean of L(x), whichis
simply Aa. The ratio of nhumerator and denominator isjust b/(2a) = C,/2. This shows how the MTF is composed of
aset of (half-scaled) Michel son-contrast measurements on input patterns that are fully modulated sine waves.

4. COMPARATIVE APPLICABILITY OF GRILLE CONTRAST AND MTF

From Sections 2 and 3, it can be seen that, although the MTF and the grille contrast function have much
in common, there are differences that seem to confer an informational advantage to the MTF. Given the spatial
frequency of an input sine wave and the Michelson contrast of the output wave, one knows the shape of the output
wave (it is another sine wave). A series of such contrast measurements at various spatial frequencies is therefore
enough to predict the response to any input, so long as the assumptions in Sections 1 and 3 are satisfied. However,
the grille contrast for a square-wave input pattern does not convey al the information about the output distortions
of arbitrary input patterns.

The apparent informational advantage of the MTF over the grille contrast function islargely illusory in
real-world applications, because the assumptions of shift-invariance, and even of linearity, do not apply to rea
displays. For example, the spatial output spread of an input line varies from place to place on a display screen,
contrary to the assumption of shift-invariance. Because the main effect of input-to-output spreading occurs at high
spatial frequencies, one could imagine measuring local parts of the screen with sine waves to effect a sort of “local
MTF" characterization, complete with its power to predict contrast loss for arbitrary patterns. However, there
would still remain the problem that the output line shape (e.g., the CRT beam shape) is highly nonlinear in peak
input (e.g., the CRT beam current). Thisis quite apart from the gamma nonlinearity, which is presumed
compensated on the input. Because the input sine wave has a large dynamic range (from black to white), one
cannot hope to achieve even approximate linearity for an MTF interpretation.

Given these unpleasant facts of the real world, the apparent advantage of the MTF must bow to the more
relevant advantage of the grille-contrast function: ease and repeatability of measurement. Because grille contrast
measurements reveal contrast losses only at the highest spatial frequencies (at which sine waves are represented as
approximate square waves anyway), the grille-contrast function might be roughly imagined to be as close as one
could get to an MTF. However, the rough analogy should not blind one to the essential nonlinearity of the system
one is measuring.

In summary, the grille-contrast function is to be recommended over the MTF for display measurement,
partly because the measurements are more easily and repeatably performed, and partly because thereis less
tendency to import linear-system concepts where they do not belong.

5. EFFECTS OF VIEWING ENVIRONMENTS ON CONTRAST FUNCTIONS

Contrasts on a displayed image in adark room will always be greater than that in an environment with
ambient lighting. Thisis so because veiling reflection from the ambient increases the minimum light levels from
the image in greater proportion than it increases the maximum light levels from that same image. Accordingly,
ambient light will decrease the components of the MTF (and also of the grille-contrast function) at nonzero spatial
frequencies.

On the other hand, if there are internal reflections within the display unit itself, then the Michelson
contrast with a bright screen image might not reach 100 % even in a dark room. For example, the light from a
bright pixel could be reflected from one of the internal interfaces within the display and the reflected light could
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illuminate the adjacent pixel, thus reducing contrast. The worst case is encountered in awell-lighted area or out of
doors; in these cases, the perceived brightness of an unlit pixel case could appear quite bright. Not only do internal
reflections contribute to the loss in contrast, but light scattered from a LCD layer, or from other internal
components will also reduce the maximum contrast available in an operation environment. The reduction in
contrast will be afunction of spatial frequency, with the higher spatial frequencies likely to be affected the greatest.

6. GENERALIZATION TO TWO DIMENSIONS FORCED BY PIXEL GEOMETRIES

In atypical digital flat-panel display, neither the MTF nor the grille contrast function may be the samein
different directions. If the pixels are non-sguare, these functions will be different in the horizontal and vertical
directions. A dtill different contrast function will be measured when the spatial-frequency vector is oriented parallel
to the diagonal of the image (even when the pixels are square). Thus, for afull characterization of the performance
of apanel, an entire two-dimensional contrast function will be needed.
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A221 STATEMENTS OF UNCERTAINTY

Purpose: We attempt to familiarize you with the most recent vocabulary for describing the estimate of uncertainty
in a measurement result.

Suppose we purchase a luminance meter for which the specifications state a +4 % “accuracy” with a
“precision” of £0.4 %. What do these terms mean? |s there a better way to express the uncertainties? There have
been many terms used to describe measurement uncertainties: accuracy, inaccuracy, precision, imprecision,
repeatability, reproducibility, variability, error, systematic error, random error, uncertainty, etc. All of these terms
have been used in so many different ways that there has been a need to develop a precise terminology to deal with
measurement uncertainties. Here we review some of the currently acceptable ways to describe measurement
uncertainty, and we will do this using the example of photometric measurements. For afuller discussion, see, for
example, Barry N. Taylor and Chris E. Kuyatt, Guidelines for Evaluating and Expressing the Uncertainty of NIST
Measurement Results, NIST Technical Note 1297, 1994 Edition—this reference is based on the I SO Guide to the
Expression of Uncertainty in Measurement (International Organization for Standardization), 1995. Thereis also
an ANSI publication covering this material: ANSI/NCSL Z540-2-1997 U.S Guide to the Expression of
Uncertainty in Measurement, (American National Standards Institute/National Conference of Standards
Laboratories), first edition, October 9, 1997. Also see the International Vocabulary of Basic and General Termsin
Metrology, ajoint publication from BIPM, IEC, IFCC, 1SO, IUPAC, IUPAP, OIML (1993).

Consider acircular aperture light source with absolutely uniform luminance over the disc of light (this
could be closely approximated using a large, well-designed integrating sphere with a small circular exit port and
having a 99 % reflectance interior, for example). The specific quantity of interest subject to measurement is called
the measurand, and in this case it is the luminance of the light source. Let’s assume that its luminance is exactly
Lo, i.e, the “true value” of the luminanceis Lo. This“true value,” which, in general, is unknown and unknowable,
isthe value of the measurand. The value of the measurand is the result we would obtain if everything were
perfect—if the measurand were perfectly defined in the context of its use, and if a perfect instrument were used to
determine its value (obviously such an instrument does not exist). What we are trying to do with our real laboratory
instrumentation isto obtain aresult that is as close as possible to the value of the measurand, and we want to know
how comfortable we can be with that result, which is the purpose of the uncertainty statement.
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Be aware of the difference between the error in a measurement and the uncertainty of a measurement.
When we make a measurement there is an unknown and unknowable error and an uncertainty associated with the
measurement. The error is how close the measurement result is to the value of the measurand, which we never
know. The uncertainty refersto how unsure we are of the value of the measurand based on our measurement. Thus,
we could accidentally have avery small error in our measurement result but yet have alarge uncertainty associated
with it. How do we establish the uncertainty? In what follows we will speak of quantities and relative quantities—
like uncertainty and relative uncertainty. If we said the uncertainty in a1 m measuring stick is 1 mm, we could
also express the uncertainty as arelative uncertainty of 0.1 %, i.e., “relative” refers to the fractional amount of the
guantity most often expressed as a percent.

With our luminance-meter example, the manufacturer claims an “accuracy” of £4 % with “precision” of
+0.4 %. How do we correctly interpret this? The claim most likely means: The luminance meter has arelative
uncertainty of measurement at some level of confidence (e.g., 95 %) of +2 % with arelative reproducibility of
+0.2 % over a 24 hour period, for example. The reproducibility suggests closeness of agreement between
measurements made under different conditions, such as a few hours between measurements, using different
operators, at different temperatures, etc. If the manufacturer meant that the £0.2 % applies when one makes
repeated measurements over a short time trying to keep everything the same, the claim would be changed to state
that the meter has arelative repeatability of £0.2 % over aten-minute period, for example. With uncertainty
statements there is usually a period of time over which the uncertainty estimate is regarded as reliable, for example,
one month, six months, one year, etc., but we will ignore that for our purposes of illustration. The reported
uncertainty of measurement (“accuracy”) for the manufacturer’ s instrument should already include the
reproducibility and/or the repeatability in its evaluation.

In the discussions here we are assuming that the results of the measurement of the measurand has a
probability density function associated with it having a mean and a standard deviation that could only be obtained
through an infinite number of measurements. The probability density function, its mean, and its standard deviation
cannot be strictly known; they can only be estimated through repeated measurements. Thus, when we speak of a
mean or a standard deviation from measurement results, we are always referring to an estimate of the mean and
standard deviation of the probability density function. Often the probability density function is normal—also called
Gaussian—~but that is not necessarily always the case. See the references for further information.

Any measurement can have several contributions to its uncertainty. Each component of uncertainty i can
be estimated by a standard deviation called the standard uncertainty u; (equal to the square root of the estimated
variance). Now, in general, there are two categories identified: Type A evaluation of uncertainty that refersto
uncertainties that are evaluated by statistical means, and Type B evaluation of uncertainty that refersto
uncertainties that are evaluated by other means. Type A uncertainty evaluation could be the standard deviation of
the mean of a series of repeated observations, but it is not limited to such an evaluation. Type B uncertainty
evaluation is based on scientific judgment accounting for all available relevant information, which can include
manufacturer’ s specifications, uncertainty in the calibration of the instrument, experience with the
instrumentation, and so forth.

It may not be very obvious why there is a need for this new terminology. Let’slook at how we talked about
uncertainty in the past: We used to consider that there were two types of measurement uncertainties. We called
them “random uncertainties” and “systematic uncertainties,” a rather careless shorthand way of saying
uncertainties arising from random effects (manifested by small random variations in the measurement result) and
uncertainties arising from systematic effects (such as the calibration uncertainty of the instrument). With our above
luminance-meter example, the “random uncertainty” would be obtained by making repeated measurements and
calculating the standard deviation of those measurements—we would now call this the repeatability.

In the context of our document, we can illustrate the inadequacy of the terms “random uncertainty” and
“systematic uncertainty.” Suppose we measure the luminance of a display as a function of voltage or gray-scale
level, and we want to determine the best value of g using the model L = L, + aV?(thisis called the gamma of the
display, see Section 302-5). We might use a nonlinear least squares technique to obtain g and an estimation of its
standard deviation s,. That is not a*“random uncertainty,” nor isit a“systematic uncertainty”; rather, itisa
Type A uncertainty since it was derived from a statistical analysis of observations. In our earlier example of
making a measurement of the luminance of the source, the Type A uncertainty is equivalent to the component of
uncertainty arising from the observed random variations of our repeated observations (which in the past we would
have called “random uncertainty”). For that same example, the Type B uncertainty is equivalent to the component
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of uncertainty arising from the quoted 2 % “accuracy” of the instrument (which in the past we would have called
“systematic uncertainty”). However, Type A and Type B are not synonyms for “random” and “ systematic.”

The combined standard uncertainty is the “root-sum-of-squares’ (square root of the sum-of-the-sgquares,
or RSS) of all the component uncertainties whether arising from a Type A evaluation or a Type B evaluation,

u= ,/é ui2 . Finally, the expanded uncertainty is a cover age factor k times the combined standard uncertainty,

or U = ku. The coverage factor increases the estimate of the uncertainty to reflect a higher probability that the
unknown value of the measurand lies within the measurement result plus and minus the expanded uncertainty.
Often, in the past, one would perhaps use k = 2 and say that the measurement had a “two-sigma’ uncertainty. We
would now say that the measurement has an expanded uncertainty of such-and-such with a coverage factor of

k = 2. The coverage factor is not limited to being two, but it will depend upon the experiment.

Now, consider the above luminance meter for which the specifications state an “accuracy” of 4 % with a
“precision” of £0.4 %. Suppose we are going to use it to measure the luminance of the exit port of an integrating
sphere. Unless more detailed information were provided about the uncertainty statement, we would have to contact
the manufacturer in order to know how the uncertainty estimate was established. We will assume that the
manufacturer has already incorporated a coverage factor k = 2 in reporting the uncertainty of measurement of the
instrument. We will assume that this represents a 95 % confidence. (The manufacturer should have reported his
uncertainty estimate by saying something such as: The instrument has a relative expanded uncertainty of 2 % with
a coverage factor of two (k = 2) and arepeatability of 0.4 % over aten-minute period.) Since the uncertainty is
expressed in percent, we will call this relative expanded uncertainty U,/L = 4 %, where L is the result of any
luminance measurement. The instrument measurement uncertainty is one of the components of uncertainty that
will be included in our estimating the uncertainty of our luminance measurement; it is atype B uncertainty
estimate.

Suppose we now obtain a series of ten measurement results of the exit port luminance and find the mean
to be L = 2314 cd/m? with a standard deviation of u, = 42 cd/m? (u, is the repeatability of the measurement of the
exit port luminance, not of the instrument); u, isatype A uncertainty estimate. If u, were only due to the
repeatability of the instrument it would be approximately 9 cd/m?. The additional uncertainty must come from
instabilities in the light source or in our method of making the measurement; e.g., if we were using a hand-held
luminance meter, the additional uncertainty might come from our sloppy (and random) locating of our
measurement at the center of a nonuniform exit port. Suppose that we are unaware of any other source of
uncertainty in the measurement. We would have two components of uncertainty, the measurement uncertainty of
the instrument and the repeatability uncertainty of the measurement of the exit port.

The expanded uncertainty with a coverage factor of two expresses a 95 % confidence that the measurand
is within the expanded uncertainty of the measurement result. Our repeatability of the luminance of the exit port u;
isasingle standard deviation representing a confidence of 68 %. What instrument uncertainty would we use, the
expanded uncertainty (95 % confidence) or remove the coverage factor from the expanded uncertainty and use the
combined standard uncertainty u,, = U/2 (68 % confidence)? It will depend upon our experience with the
instrumentation, how stable it has proved to be, when it was calibrated, etc. The combined standard uncertainty
will be aRSS of the two components. The expanded uncertainty will be a coverage factor times the combined
standard uncertainty.

Table 1. Uncertainty estimation of exit port luminance measurement example.

CSU = combined standard uncertainty, EUCF2 = expanded uncertainty with coverage factor of two (k = 2)

(A) =type A Instrument is stable, reliable, recently No history of instrument reliability and
(B) =typeB calibrated: May want to use up, . stability, not recently calibrated: Use Uy,

L = 2314 cd/m?

uw/L = Relative CSU

u=CsuU

uw/L = Relative CSU

u = 42 cd/m? (A)

us= Umz+ur

UJL=4% (B) = 62 cd/m’ =102 cd/m? =44 %
Un=93cdm? (B) _ _ . _ _ .
oL = U2l = 2% (B) U=EUCF2 | U/L=RelaiveEUCF2| U=EUCF2 | U/L =Relative EUCF2
Uy = 46 cd/m® (B) = 124 cd/m? =54% = 204 cd/m? =8.8%
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However you determine the uncertainty of your measurement, it isimportant that you make that determination
clear in the presentation of your results. Whether you used the manufacturer’ s combined standard uncertainty
(um = U/2) or expanded uncertainty (Uy,) in your calculation of the RSS combined standard uncertainty of your
measurement, simply make it sufficiently clear so that any reader will be able to understand the origin of your
uncertainty statement. Also, when reporting the uncertainty most will assume that you are reporting the expanded
uncertainty with ak = 2 coverage factor. If that is not the case, it should be clearly stated.

Perhaps after reading this you have the opinion that we have ssimply made life difficult by attaching new
terms to things already familiar. That is understandable; it may seem to be overkill. However, these terms have
acquired an international acceptance and are precisely defined. What they replace have been too carelessly used
and do not allow for the correct uncertainty treatment of all kinds of measurements, some of which can be
exceptionally complicated, as with the measurement of fundamental constants. This terminology is being used
throughout the world so that everybody will understand precisely what is being said about uncertainty.

A222 PROCEDURE FOR VERIFYING DIGITALLY DRIVEN
COLOR MONITORS

A procedure is described to verify color transfer between video display units (VDUSs) through a digital
medium. In its simplest form, verification involves measuring the CIE XYZ tristimulus values of 9 full-screen test
colors on aVVDU and comparing them with published target values. To accommodate gamut mismatches, the test
colors are derived from Color-Rendering-Index reflectances—which are desaturated enough to fit in most any
device's color gamut. To accommodate white-point differences, the test colors are adapted to each VDU's white
point using an illuminant-reflectance model. To produce these colors and to use them for verification, the
following procedure is recommended.

A. OFF-LINE PROCESSING (purely numerical, requiring no VDUs and to be performed once for all time)

Step 0. Compute tristimulus values of color-rendering-index (CRI) reflectances as if illuminated by daylight-
eigenvector spectra. This computation uses: (&) The 1931 CIE XYZ color-matching functions xj(1 k), wherej = 1
for X, 2for Y, 3for Z, and | k assumes the 31 values from 400 to 700 nm at 10-nm increments [Ref. 3; also Ref. 4,
Table 2(3.3.8)]; (b) the principal-component spectra of daylight S(1 «), Si(1 k), and S(1 ) [Ref. 3; also Ref. 4, Table
V(3.3.4)]; and (c) reflectance spectrar;(l ) of the first eight Munsell reflectances used to compute the Color
Rendering Index (Ref. 1; also Ref. 2, Table 6.7). Given these ingredients, compute the tristimulus values of each
CRI reflectance plus white [ro(l ) = 1] under the three daylight principal-component spectra (eigenvectors). The
result isa set of 81 values. Nine of these values define a3~ 3 matrix A whose mj element is the j’th tristimulus

value of the m'th daylight eigenvector:
31

Ay =4 Sh()X(y)- ()
k=1

The other 72 of these values comprisea 3~ 3~ 8 array B whose mji element isthe j’th tristimulus value of thei’th

CRI reflectance times the m'th daylight eigenvector:
31

Brii = & (1) Snl )% (1) ()
k=1
The 81 numbers comprising arrays A and B are circulated with the digital standard for use in computing target
tristimulus values for each device. (Note: Values for the CRI reflectances show small differences between Refs. 1
and 2, presumably due to re-measurement of the standard Munsell reflectances. In the present worked example, the
valuesin Ref. 2 are used because they are more accessible. However, in Table 1 the CIE values are re-tabulated and
recommended in preference to those of Ref. 1.)

B. TEST-COLOR PREPARATION USING STANDARD VDU (to be done each time a new digital
communication protocol is implemented)
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Step 1. Select a standard VDU and measure its white-point tristimulus values. These values are the 1931 XYZ
values Xir = (Xnr, Ynrs Znr)- At present, CRTs are well understood and readily used in this context.

Step 2. Compute CIELUV values of CRI reflectances under a model light. The model-light spectrum is the linear
combination of daylight eigenvectors that has the same tristimulus values as the standard-V DU white point. First,
compute coefficients (ap, a1, ay) = a for the linear combination of daylight eigenvectors that produces tristimulus
vaues Xpr:
a=XgrAl, 3)
where A was computed in Step 0. Then, compute the target tristimulus values Xig = (Xir, Yir, Zir) Of the eight
CRI-based test patchesi under the model light:
2
(Xir.Yir:Zir)= & @n(Buy:BraiBugi) (4)
m=0

where By were computed in Step O. Finally, compute target CIELUV coordinates (L*ig, U*ig, V¥ig) from Xz and
white point Xr (see Section A201). The choice of CIELUV isbased on its historical use by the display industry.

Step 3. Select digital colors (that will be presented to all test devices). Arrange digital inputs to the standard device
that result in measured CIELUV values (L*r", u*r’, V¥r') that match the target values (L*g, U*r, V*ir) as closealy
as possible. Use the white point Xr. The criterion of closenessis that each DE value should be less than 3 —the
minimum perceptible color difference for colors that are not spatially next to each other.

Note: Step 3isdifficult because it involves iterative adjustment of the digital values until the correct tristimulus
values are obtained. Fortunately, Step 3 needs to be done only for the standard VDU. One way of performing

Step 3 isto use an accurate model of the standard VDU to make a good first estimate of the required digital values
for each test-pattern color, and then to refine this estimate by experiment.

C.COLOR VERIFICATION OF TEST-VDU (to be performed for each test VDU, for each new communication
protocol, and as needed for maintenance)

Step 4. Measure XYZ values Xnr = (Xur, Ynr, Znr) Of the test-VDU white point.

Step 5. Compute CIELUYV values of CRI colors under model test-light. The test light is the linear combination of
daylight eigenvectors that has the same tristimulus values as the test-V DU white point. First, compute coefficients
(bo, by, by) = b for the linear combination of daylight eigenvectors that has tristimulus values X,r:

b=XrAl (5)
where A was computed in Step 0. Then, compute the target tristimulus values Xit = (Xit, YiT, Zi1) of the eight CRI-

based test patches i under the model test light:
2
(Xir.Yir.Zit) = & Prn(Bra Brai» Bri) (6)
m=0
where By were computed in Step 0. Finally, compute CRI target CIELUV coordinates from Xt and white point
Xnt.

Step 6. Measure test-pattern colors on the test device. Let the digital values derived from the standard VDU
(step 3) drive the test VDU, measure the XY Z tristimulus values (X'i1, Y'i1, Z'i1) of these 8 colors, and convert
them to CIELUV using white point X,r, for comparison with the target valuesin Step 5.

Step 7. Compute CIELUV DE values for the measured test colors relative to the target values. Each DE value
should be less than 10 for the color-transfer to be called successful. The value 10 comes from the observed
variations of CIELUV coordinates across VDU screens.

To illustrate the use of this method, consider as a standard pattern generator a CRT, and asatest VDU a
laptop computer (LCD). Eight-bit digital values (R, G, B') are used to drive both displays. Because there is no

APPENDIX — page 247 247



A200 ]@ A200 TECHNICAL DISCUSSONS

color-management system to adjust for the display differences, the color-reproduction results are expected to be
unsatisfactory.

For the standard CRT, an NTSC-based device model was used in Step 3 to produce afirst estimate of
digital values that produce the target tristimulus values described in Step 2. Once the first estimates are made, they
were refined based on measurements to provide X, Y, Z values that were as close as possible to the values for the

targets.
Table 1. Results of Verification-Procedure Reduction to Practice.
CRI COMPUTED MEASURED
Color X y X y DE Display

1 0.3434 0.3190 0.3415 0.3219 2.28

2 0.3560 0.3903 0.3552 0.3909 0.656

3 0.3485 0.4646 0.3485 0.4642 0.145

4 0.2646 0.3928 0.2643 0.3913 0.637 gTeﬁe'\rla?QRD
5 0.2378 0.2930 0.2382 0.2923 0.558 CRT

6 0.2220 0.2301 0.2218 0.2304 0.257

7 0.2581 0.2259 0.2588 0.2267 0.628

8 0.2934 0.2473 0.2918 0.2458 1.18

1 0.3744 0.3486 0.3336 0.3523 68.7

2 0.3817 0.4130 0.3673 0.3351 34.4

3 0.3682 0.4812 0.3810 0.3753 49.3

4 02852 | 04221 0.3447 | 0.4410 29.7 (T:Ens; uLt:rptOp
5 0.2588 0.3292 0.2677 0.4231 34.0 LCD

6 0.2423 0.2652 0.2275 0.2993 26.0

7 0.2856 0.2612 0.2079 0.2315 39.0

8 0.3256 0.2812 0.2668 0.2452 33.6

The table summarizes the results of the procedure. Each DE value in the table compares computed and
measured colorsin asingle device. It can be seen that the DE values are acceptably small for the standard VDU,
but not for the test VDU. Further work will determine whether the 10-unit criterion is too stringent for realistic
use, and to what extent color-management systems can ameliorate the results of inter-device color transition as
evaluated by the present procedure. See the Table A222 in the Appendix A500 for the spectra of the CRI
reflectances, the daylight eigenvectors, and the color-matching functions.

The similarities and differences should be noted between the present procedure and the proposed SMPTE
standard 303M (See Ref. 5). In common with the present procedure, the SMPTE standard derives target tristimulus
values using an illuminant-reflectance model. However, whereas we describe a method that accommodates to all
white points, the SMPTE standard pre-computes tristimulus values only for three white points (D65, D55, and
3100K). Also, the SMPTE standard uses 24 reflectances (some of them highly chromatic) instead of eight, and
therefore is not tuned to testing digital protocols because of the possibility of out-of-gamut colors.
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A223 LUMINANCE OF AN LED

luminance if the current
J=20mA?

Problem: Given an ideal )
LED withradiusr = 3 mm —————— q A=pr
and rated at 300 med at I'=1(a)

20 mA (15 cd/A), what isits — |

Anideal LED, in this case, is one that appears to have a uniform luminance distribution when you look at
it along it axis (perpendicular to its base), i.e., the area A = p r? = 2.827° 10° m? appears to have a uniform
brightness. (Many LEDs appear relatively uniform to the eye.) The LED israted (R) by aluminous intensity |
produced by a certain current J: R=1/J = 15 cd/A. The luminance of a uniform disk is related to the luminous
intensity for long distances (see A210 for example) by | = LA. The luminanceisthen L =1 /A, or in terms of the
rating:

L = JR/A = 10610 cd/m?, (1)
for acurrent of J =20 mA.

A224 LUMINANCE OF LAMBERTIAN DISPLAY

Problem: Determine an expression for the luminance of a Lambertian
display in terms of its luminous flux F and luminous efficacy h given a
power input P.
dw=singddf
The luminous efficacy is given by the ratio of the luminous A
flux F output to the electrical power P input.
h=F/P. [Im/W] Q)
The luminous intensity of a Lambertian emitter is given by (see A206) >
| = lycosq, 2
where g isthe inclination angle and |y is the luminous intensity in the o
normal direction, I = LA . To get the luminous flux, we integrate the
luminous intensity over the hemisphere; the element of flux in terms of

an element of solid angleisdrF = ldw, and using Eq. 2,
pl/2

F = ldw = 2pLA pcosq sing dg = pLA (3)
hemisphere 0

(where we used the substitution method with u = sing). Therefore, the luminance in terms of the flux is
L=F/pA. 4

If we know the input power P and the luminous efficacy h, then from Eq. 1 we can write the l[uminance as
L =hP/pA. (5)

For example, given a screen with area A = 400 mm* 300 mm (H" V) = 0.12 m?, if the luminous efficacy is

h = 15 Im/W, and the power input is P = 3 W, then the flux is F = 45 Im, and the luminanceis L = 119 cd/m?.

| =1,c0sq

'\\I_
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A225 GAIN OF A DISPLAY

Abstract: We define the gain of a display over a Lambertian emitter. Problem: How much brighter will a privacy
display be that uniformly emits light in a cone of apex angle 46° than a Lambertian display, and what is its gain?
Assume the display has an area of A =400 mm~ 300 mm, and that the luminous flux from the display is
F=45Im.

The gain G of a display describes how much brighter a display would be as viewed from the perpendicul ar
(normal) direction compared to a display with a Lambertian emission of light having the same luminous flux
output. The gain is defined by:

LA
G= pF— ) 1)
where L is the luminance of the display and A is the area of the
emitting surface. The gain for a Lambertian emitter is one,
G=1

From the previous problem (A224, Luminance of
Lambertian Display), the luminous flux F from a Lambertian
emitter isgiven by F = p LA, where L is the luminance of the
display and A is the area of the emitting display surface. Then
theratio p LA/F = 1 for a Lambertian emitter. If a display
pumps out more light in the normal direction than would a
Lambertian emitter the luminance will be greater than a
Lambertian display for the same total luminous flux output:

L =GF/pA.

Suppose we have two displays both with flux outputs
of F = 45Im. One display is a Lambertian emitter, and the other
display is constructed as a privacy display where all the light is
emitted uniformly within a cone with apex angle of x = 46°. We
want to determine how much brighter the privacy display will be than the Lambertian display, and what is the gain
of the privacy display?

The display has an area of A = 0.12 m?. For the Lambertian display the luminance L is related to the flux
F by F = pLA. Solving for the luminance, we find

/

dw=sincd df

| = constant

L = F/pA = 119 cd/m?. (2)
For an apex angle of x, the maximum of q will be g = x/2 = 23°. We integrate the element of solid angle dw over
the cone:
2p x12
w = odf sing dg = 2p[1- cos(x /2)]. (3)
0 0

With the privacy display the luminous flux |I” isgiven by I” = L"A, where L is the luminance of the privacy display.
Thetotal flux from the privacy display is the same magnitude as the flux from the Lambertian display (so we don’t
need a prime here to distinguish it) F = I"'w= 2p[1-cos(x /2)]L"A. Solving for the luminance, we get

L" = F/2p[1-cos(x/2)] A= L /2[1-cos(x /2)] =751 cd/m2, or L'/L=6.29. 4

That's asix-fold increase in the luminance, but to the eye 3/L¢L = 1.85 times as bright (see A209). The gain of the
privacy display will be

G=pL’A/F =L’/L = Y[1-cos(x /2)] = 6.3. (5)
Here, again, L” is the luminance of the privacy display, and L is the luminance of the Lambertian display with the
same flux outpuit.
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A226 EQUIPMENT BASED ON FOURIER OPTICS

Optical-Fourier-transform light-measuring devices (OFT LMDs) provide angularly resolved
measurements made with one spatially resolved exposure on an array detector. The basic principle of such
equipment is the use of optical Fourier transform. An on-axis parallel beam of light reaching alens will focus at a
point in its image plane located at the focus of the lens. Thisis the basis of collimated optics as discussed in A219.
An off-axis beam of incidence will also focus in that same plane (See figure 1).

4 Image Focal Plane

I X = F, tang
v

<FO = Focal length N Fo

DUT

Vx

Fourier Lens
Fig. 1. An optical Fourier transform lens system.

The relationship between the focus-point coordinate X and the incidence angle q is X = Fitang. If an object
is placed in the focal object plane, al the beams focusing in the focal image plane are originated from the same
area. The image that is obtained in this planeis called the optical Fourier transform (OFT) of the object. In the
case of FPDs, thisimage can easily be used for measuring any angle-dependant characteristics. It is usually
collected by arelay lens and formed on a CCD detector for further analysis. The complete system usually contains
(see Figure 2):

1. TheFourier lens

2. Afield lensthat is used to create an image of the object on an iris

3. Aniris. By changing theiris size, the size of the measurement spot is changed. The usual spot size

can range from 100pm to more than 4 mm.

4. A relay lensthat makes an image of the angular light distribution on an array sensor.

5. An array detector, usually a cooled CCD.

Measuring Reflection: Based on the principle of Figure 2, we combine angular light distribution
measurement and illumination through the lenses. The principle is roughly shown on Figure 3. By using a point

Fourier
A Plane A
?%;i;;:”
Iocatlon y / Array
in Object = Detector
Focal
Plane
\
Relay Lens
Fourier v v Field Lens
Lens

Fig. 2. Complete system design.
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Fourier A A Field

lens lens

Beam-splitter

DUT
location

Iris

<

Relay lens

v Fourier v

plane

Secondary Fourier plane

Fig. 3. Angular resolution of luminance.

source in the secondary Fourier plane, a well-defined specular source can be obtained. By using a uniform lighting
in the same plane, a diffuse illumination is produced with an acceptable uncertainty (less than +10 % variations
over the whole hemisphere).

Working distance: The ability to measure over awide viewing angle requires a high numerical aperture
(NA. =0.985 for q up to 80°), and is usually also associated with a short working distance. As can be deduced from
Figure 1, the diameter of the front lens D can be directly related to g and the working distance W as follows:

W= (D - &)/ 2tang where & is the maximum spot size. For practical and economical reasons (D - &) islimited to
roughly 25 mm to 30 mm. Consequently, Wwill be about 2 mm for q £ 80°—sufficient for measurement of
conventional FPDs. Greater working distances can be allowed by decreasing the maximum incidence angle

(g £ 60° allows for W about 7 mm). Short working distances may sometimes aso alow measurements without a
fully darkened room.

Aperture and Angular resolution: For conventional LMDs the numerical aperture (or subtended angle
qu) of the optics limits the angular resolution (see Figure 1 of 301-2h). Given an LMD angular field-of-view
(AFOV) g, light coming from a cone of subtense (q. + gF) can reach the detector and measurement is an average of
the display’ s characteristics over the solid angle 2p[1 — cos (q. + gF) /2)]. For OFT equipment the angular
resolution of the system is limited only by the optical-parts quality and by the array sensor pitch. Resolution down
to +0.5° isusually achieved. If requested, averaging the data over a given solid angle can reproduce the response of
conventional LMDs.

Field Of View: For conventional LMDs and for a given measuring distance the AFOV selects the spot
size (measurement area on the FPD, or FOV). The diameter of the measured spot is given by S = 2ztan(qr/2),
where z is the measuring distance. For OFT based equipment the spot size is adjusted internally by the way of an
iris placed in the optical path (see Figure 2).

DIAGNOSTICSFOR SYSTEM QUALITY:

Quality assurance of an OFT deviceis similar to that of a conventional LMD. Indeed, an OFT device can
be seen as many collimated-optics LMDs (as described in A219) working in parallel. Additionsto A101, A106,
A107 and A109 are discussed below

Lensflarediagnostic: Asdepicted in A101, lensflare and veiling glare can corrupt measurements
through light that is reflected and diffused from optical elementsinside the LMD (lenses, stops, baffles, etc.) or
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from surrounding equipment. It must be kept in mind that even if a FPD is very dark when viewed perpendicularly,
light emitted at other angles can be significantly higher (many decadesif we integrate the luminance over the
actual solid angle). In such situations, parasitic light reflected from the environment needs to be taken into
account. As compared with a conventional LMD, an OFT LMD sees only alimited part of the FPD due to its
screen proximity, and also is protected from reflection to the environment. However, lens flare remains a concern.

Check for worst-case lensflare: The best way to check lens flare isto use specially designed "targets’ in
front of the equipment. The simplest one is composed of a reflective (aluminum or chromium) spot on a
transparent support. The diameter D of the spot is chosen large enough to include the measurement spot. If Dg is
the spot size, we need to have D; > Dy cosgmax Do is chosen significantly smaller than the usual spot (for example
Do = 150 um and D; = 1 mm). Thistarget is then placed in front of alight source and the angular distribution of
luminance on the reflective spot is measured. Integration over the whole solid angle can give the value of the “lens
flare” flux on the sample, and will represent the worst-case lens flare effect.

Both diffuse light (the output of an integrating sphere) and collimated light can be used for this
measurement. In the second case, the influence of input light direction can be checked. Measurement can be
normalized to light input by measuring the source without inserting the target in front of it. Thistest isvery
similar to what is done to check dark-room conditions.

Compensation for veiling glare: The same procedure as described in A101 (Correcting for glare without
amask) can be used for OFT LMDs as for conventional LMDs.

Linearity diagnostic: Section A106 fully applies. Linearity will be checked for all angles at the same
time by collecting the data at the output of the integrating sphere.

Polarization diagnostic: Section A107 fully applies. Choose an incidence angle according to the
polarization factor of the polarizer. To choose this angle, use a collimated light source with a polarizer in front.
The incidence angle of the light beam can then be changed to check the equipment from perpendicular to
maximum incidence angle.

Color measurement diagnostic: As explained in Section A109, the best color diagnostic is to check the
measurement uncertainty for monochromatic light. This gives an absolute way of checking color-coordinate
uncertainty. As shown on Figure 4, place the OFT LMD in front of a diffuse monochromatic source of a desired
wavelength, and check the system uncertainty (in x,y or u'v') for any desired viewing angle. It may be a good
practice to make this measurement for each device or at least to have it provided by the manufacturer.

Collimating

Diffuser A lens

Point source
(monochromatic

or white light)
Source of

diffuse and 17
monochromati ¢ ‘K}

c light

v

Interference v NB: If monochromatic
Eilter light is used, no IF filter
is needed.

Fig. 4. Generating a monochromatic diffuse source.
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|A3OO GLOSSARY, DEFINITIONS, ETC. I

INCLUDING DEFINITIONS, NOTATION, VARIABLES, ABBREVIATIONS, AND ACRONYMS
Numbers in brackets refer to section numbers in this document.

a — Aspect ratio of a screen, the width-to-height ratio. See 501-2 Aspect Ratio for more details.

A — Area of asurface.

accuracy —The accuracy is a qualitative term often used for the closeness of agreement between the measured
value and the “true value” or value of the measurand. Inaccuracy is aso a qualitative term often used for the
same thing. These are not considered quantitative eval uations of measurement uncertainty (their use has fallen
out of favor because they are used in so many different ways). See the section Statements of Uncertainty
(A221) in the appendix for afull discussion of the matter.

addressability — The number of pixelsin the horizontal and the vertical directions that can have their luminance
changed; usually expressed in number of horizontal pixels by the number of vertical pixels, Ny~ Ny. Thisterm
should not be used synonymously with resolution—see “resolution,” also 303, especially 303-7.

AFOV — Angular field of view of an LMD, the angle from the LMD that subtends the measured region (often
circular)—see 301-2h and A103-2.

AMLCD, AM-LCD — Active matrix LCD where each pixel (or subpixel) is powered by its own circuit or
transistor affixed to the pixel.

An. — Abbreviation for “anomalous.” [306-6].

anit-glare — The control of glare reflections from a display is accomplished in severa individual ways and in
combination: (1) by distributing the specular energy in angles away from the specular direction, (2) by coating
the front surface of the display with amultilayer coating to substantially reduce the specular reflections. (3) by
controlling the reflection using polarizing materials.

array detector — Any of avariety one and two-dimensional light detectors: Linear diode array, linear CCD array,
CCD detector or CCD camera (two-dimensional array), and others. Often such devices have a substantial
sensitivity to infrared light so that a photopic filter is needed to make accurate measurements of luminance.
See A103 Light Measurement Devices and A111 Array Detector Measurements for more details.

aspect ratio — Theratio of screen width to screen height. See 501-2 Aspect Ratio for more details.

background subtraction — The process by which a background signal is subtracted from a measured signal. If a
stimulusis zero and a signal in the detector is produced (from thermal noise, for example) then thisis the
background signal. If that signal is added to the measured signal when a measurement is made as a stimulusis
applied, better accuracy of the measured signal is obtained by subtracting off the background. (A111)

bits per color — The number of bits available for each color, e.g., in an RGB system there may be 5 bits available
for red and blue but 6 bits available for green which can be written as “5,6,5/RGB,” or “5R,6G,5B”; if 8 bits
are available for each color then we could write “8ea RGB,” or simply “8 each.” [301-24q]

bkg, Bkgnd., bkgnd — Abbreviation for “background.”

black — The minimum luminance L, attainable for the set conditions of the display. For example, with an RGB
display, black is obtained when all three subpixels are at minimum luminance (smallest signal).

black glosslight trap — A gloss black surface used to provide a reference black in an area being measured. See
“light trap” for more details.

black screen — A screen for which all pixels on the display surface are driven with the same stimulus in attempts
to continuously display the same black level over the entire surface of the screen, where black means the
minimum luminance, the lowest level that can be displayed.

blanking — The time interval used to identify and separate frames of video image information. During this time
video image information is not being sent for display on the screen. It is atype of processing overhead.

Blk, blk — Abbreviation for “black.”

blur —The spatial spread of an intended point of light on adisplay screen. The term "blur" is used in optics to
denote the degradation of images that are not in perfect focus; the image of apoint is called a"blur circle" [See
C. H. Graham, ed., Vision and Visua Perception (Wiley, 1966), pp. 518-520]. The term also appliesto a
display system. If the system islinear and shift-invariant, the blur of a point is mathematically described by
what is known as the "point-spread function.”
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BRDF — Bidirectional reflectance distribution function discussed in A217 in the Technical Discussions.

brightness— The visual and subjective quality of how bright an object appears, how much visible light is coming
off the object being perceived by the eye. Luminance is not a quantitative replacement for brightness. One
should avoid confusing luminance and brightness: brightness is subjective, luminance is objective. For afuller
explanation of the difference between brightness and luminance see A201 Photometry and Colorimetry
Summary.

Ca — Ambient contrast ratio: the white-black full-screen center luminance ratio under diffuse ambient illumination.

Cg — Grille contrast ratio: the white-black luminance ratio of a series of equally spaced white and black lines.

C. —Line contrast ratio: the white-black luminance ratio of awhite line to ablack line, awhite line to ablack
screen, or ablack line to awhite screen.

Cr — Contrast ratio: the ratio of awhite luminance to a black luminance L,, /L.

Cn —Michelson contrast, contrast modulation: the ratio (L~ L,)/(Ly+Lp) Where L, is the white luminance, and L, is
the black luminance. It is not a sensitive metric for comparing large contrasts.

Cr — Threshold contrast ratio: usually a minimum acceptable contrast for some condition, see 307-2 for example.

Calc. — Calculate.

candela, cd — Unit of luminous intensity in lumens per steradian (cd = Im/sr)

CCD — Charge coupled device. A type of one-dimensional or two-dimensional array light detectors (See array
detector).

CCT - Correlated color temperature: The temperature (in Kelvin) of the black-body radiator whose chromaticity (a
point on the Planckian locus) is closest to the chromaticity of a particular light (e.g., from adisplay screen) as
measured in the 1960 CIE (u,v) uniform chromaticity space. An agorithm for computing CCT, either from
1931 CIE (x,y) coordinates or from 1960 (u,v) coordinates, appearsin G. Wyszecki and W. S. Stiles, Color
Science, Second Edition, Wiley, 1982, pp. 224-228, where a graphical nomogram also appears. Alternatively,
a successful numerical approximation has been derived by C. S. McCamy, Color Res. Appl. 17 (1992), pp.
142-144 (with erratum in Color Res. Appl. 18 [1993], p. 150). Given CIE 1931 coordinates (x,y), McCamy's

approximation is CCT =437 n3 +3601n2 +6831n + 5517, wheren = (x - 0.3320)/(0.1858 - y). This
approximation (the second of three he proposes) is close enough for any practical use between 2000 and
10,000 degrees Kelvin. See A201 for more information.

cd, candela — Unit of luminous intensity in lumens per steradian (cd = Im/sr)

center of screen — The geometric center of the image-producing portion of the display surface. [301-2i]

CIE — Commission Internationale de I'Eclairage (International Commission on Illumination). In this document we
use the 1931 CIE (X, vy, z) chromaticity coordinates since they seem to be the lowest common denominator.
The users of this document may prefer some other chromaticity coordinate system. Feel free to use whatever
system you want as long as al involved parties agree. We especially recommend the (u”, v') 1976 CIE
chromaticity coordinates since the color space is more uniform relative to the eye' s sensitivity to color. In this
document we use photometric symbols: F, I, L, E, M for luminous flux, luminous intensity, luminance,
illuminance, and luminous exitance, respectively. Please don’'t confuse our symbol for luminance L with any
CIE measures of brightness.

color — Thisreally doesn't need a definition. We simply want to note that white, grays, and black are considered
colorsin this context. Strictly speaking white and gray are colors, black is the absence of light, but in most
cases “black” is, inreality, dark gray.

color sequential — A method of achieving a full-color displays by sequencing frames of the different primary colors
rather than having each pixel be composed of subpixels of each primary color.

collimation — A process whereby a beam of light is provided where all the rays generated or employed are
traveling in approximately the same direction across the cross-section of the beam.

color depth — The number of digital bits allocated for each primary color.

crosstalk — Primarily an electronic term designating an unwanted coupling between adjacent or nearby circuits
whereby the signal properties of one element is injected into the other element of the circuit. Cross talk has
also been applied to the manifestation of cross talk in displays which manifestsitself in three principal ways:
shadowing, ghosting, and streaking. (Synonym: cross coupling, shadowing. See “shadowing,” “ghosting,” and
“streaking”)
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Du’v” — Color difference metric in the 1976 CIE color space. See A201 for details.

DU ¢= \/(uf- ug)? + (vg- vg)?

D — Screen diagona

dark field correction — The subtraction of a background signal from the measured signal. Some detectors like
CCDs have a background signal even when no light is present. To obtain accurate readings this background
must be subtracted (pixel by pixel in the case of array detectors) from the measured signal. It is often measured
by keeping the shutter closed or putting a black opague (even to IR) cover on the imaging lens or aperture.
(Synonym: background subtraction.) [A111]

Daylight Eigenvector s — Spectra based on observations of daylight that permit the resolution of any color of white
into tristimulus values based on these spectra. See A222 Procedure for Verifying Digitally Driven Color
Monitors and Table A222 in the table section A500.

DHR — Directed hemispherical reflectance—see 308-1 for its measurement.

diffuse, diffusion — A diffuse surface is characterized by a wide distribution of the incident light into al directions
in the hemisphere before the surface. Examples are paper, matte paints, etc. A Lambertian surface is a perfect
diffuser (it has the same luminance independent of the viewing direction—see “Lambertian”). Diffusion is the
process of scattering light in directions away from directed ray or from the specular direction. See ASTM
E284.

design viewing direction, distance, point — This document specifies that the normal direction (perpendicular to
the screen surface) always be used for measurements. We do this for simplicity. However, we also recognize
that some displays are designed to be viewed from a direction other than normal. Further, there may be a point
in space from which the display has been designed to be viewed. An example of such adisplay isa privacy
display that might be found on a bank-teller machine. If this document is used for measuring such a display,
any non-normal design viewing direction or point must be clearly stated and agreed upon by all interested
parties. It is |eft to the reader to make appropriate modifications in procedure to accomplish this. For example,
in making uniformity measurements when a design viewing point exists, the luminance meter will be
positioned so that its optical measurement axis is always looking at the positions on the display surface with
the optical axis going through the design viewing point in space. [301-2g, 306]

direct-view display — A display for which the image or information generated by the pixel or image-producing
surface is viewed without intervening instrumentation or apparatus, e.g., TV sets, computer CRT monitors,
FPD desktop monitors, laptop computer displays. You are looking directly at the pixel surface and whatever
covering material is employed to protect the pixel surface. There are no lenses involved such as with head-
mounted, head-up, or projection displays. Lenticular microlenses in near proximity to the pixel surfacesarein
the direct unassisted view and do not exclude the displays from being considered as direct view displays.

Direct’n — Abbreviation for “direction.”

display — An electronic device that presents information in visual form, that is, produces an electronic image—
such as CRTs, LCDs, plasma displays, electroluminescent displays, field emission displays, etc. (Synonym:
electronic display, DUT)

display surface — The physical surface of the display which exhibits information. (Synonym: screen)

dithering — A method of mixing pixels over an area of the screen where the pixels have different luminances or
colors within the area in order to create aluminance or color which cannot be obtained by an individual pixel.

dot — Thisterm can beill-defined since there is confusion as to whether it refers to the full-color pixel or the
subpixel. As best we can determine it is often used to mean each discrete primary colored element composing a
full-color pixel or the subpixel. We strongly suggest the use of the term “subpixel” instead. (Synonym:
subpixel)

DPI —Thisterm can be ill-defined since there is confusion in its usage. Strictly speaking it means * Dots per inch,”
but it has also been known as “lines per inch” or “pixels per inch.” For square pixelsit is assumed to be
symmetrical horizontally or vertically. Although dots may sometimes be considered to be subpixels, DPI
usualy refersto full pixels capable of the full color reproduction of the display, i.e., pixels per inch. We
strongly suggest the use of the term “pixels per inch” instead of DPI to eliminate any possible ambiguity.
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driving stimulus— The signal or voltage or bit count —whatever —which enables the display to change the
luminance or color of the pixels. For example, in the case of an analog signal the luminance at a pixel might
be afunction of the applied voltage. In the case of adigital system, a bit-level will specify the luminance of the
pixel. This vague term is used because we didn't want this document to be limited by a particular driving
technology.

DSO - Digita storage oscilloscope.

DUT — Display under test.

DVM —Digital voltmeter.

Dwn. — Abbreviation for “down.”

Eff. — Abbreviation for “efficiency.”

E — [lluminancein lux, Ix © Im/m?.

ElAJ — Electronics Industries Association of Japan (see Ref. [1]).

EL — Electroluminescent display technology for which film phosphors fluoresce from ac or dc currents.

entrance pupil — The full diameter of the light gathering aperture of an instrument, e.g., the diameter of alens.

F —Luminous flux in lumens, Im.

FED — Field emission display technology for which each subpixel has an individual field-emitting protrusion
electrode that activates a phosphor from electron bombardment.

field — See “framerate.”

fill factor — Various definitions have been attached to this term. In general, the fill factor—often expressed in
percent—is the fraction of the area allocated to a pixel which actually produces luminance. Given a display
which has N horizontal pixels and M vertical pixels spread over an area A of the display, then the area
alocated for each pixel isa, = A/ (NM). Because of support structures, masks, etc. only afraction of this area
may serve to produce luminance, and that fraction f isthe fill factor: & = f a,. Thisis &l very simple when the
luminance-producing areais relatively uniform and geometrically well-defined. But when it is not so well-
defined the definition of the fill factor is not generally agreed upon. The luminance from such a pixel is an

average: L, = (1/a,)@L(x, y)dxdy , where the integration is carried out over the allocated pixel area a,. There

is an associated maximum luminance of the pixel at some position (Xo, Yo), call it Ly = L(Xo,Yo). Thefill factor
istheratio of the area of the region for which the luminance is above some chosen threshold luminance level

Li to the area allocated to the pixel a,: f = (1/a,)@U (X, y)dxdy, where U(x,y) is acriterion function which is

nonzero and unity only where the luminance is at or above the threshold, i.e., U(x,y) = 1 whenever L(x,y)  L;
and U(x,y) = 0 for L(x,y) < L;. Often the threshold is taken as some fraction of the peak luminance: L; = xL,,.
Some choose the 50 % luminance threshold which is easy to measure using a spatially resolved luminance
measurement system. We would argue that since the eye is a nonlinear detector, it makes much more sense to
use 20 % or lower level for the threshold (some like 10 % or even 5 % to indicate a width) since the eye would
perceive about a 50 % brightness falloff at 20 % of the luminance (see A201 and A209). When color subpixels
combine to make a single pixel, use the luminance relative to the peak luminance for each subpixel and then
sum the results for each subpixel to produce the fill-factor for the entire pixel which yields a higher fill factor
than if the same luminance criterion is used for all subpixels. The higher result is believed to be a better
representation of how the eye would evaluate the fill factor; for example, although a blue subpixel may be very
dim compared to a green subpixel, the 10 % level of the blue “combines” with the 10 % level of the green and
the 10 % level of the red to produce 10 % of white. It isin this sense that the 10 % blue level is, therefore, just
as important as the 10 % green level. [303-3]

flare —see “veiling glare.”

flat field correction, FFC — An array detector may have a dightly different sensitivity for each pixel in the array.
A flat field correction is an array of numbers—each number multiplies a signal from each pixel—to correct for
the changes in sensitivity.

flicker — Perceptible rapid temporal luminance variation of a nominally constant-luminance test pattern.

FOV —Field of view of an LMD, the region on the display that is being measured by the LMD.

foveal vision —vision near the eye's fixation point, i.e., with the part of the visual field that is within 2.6 degrees of
visual angle of the optical axis of the eye (see Wyszecki and Stiles, 1982, p. 89). This part of the visual field
corresponds to a part of the retina (light-sensitive area of the eye) that is characterized by a pit (hence the
Latin term fovea meaning pit). Thereis a pit because the neural material is pushed aside and the cones (bright-
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light-sensitive cells) in the eye are abutted in maximum density, evidently for maximum resolution of spatial
detail in bright light. However, when there is not enough light (e.g., when looking at dim stars at night),
fixating on a star may make it disappear because only rods (dim-light-sensitive cells) operate in such dim
light, and rods are absent from the fovea.

FPD — Flat panel display.

fps— frames per second (not to be confused with fields per second).

frame — The image displayed (or the signal for the image) during the frame rate.

framerate — The shortest period of time in which all pixel information and blanking is delivered to the display.
Examples of frame rates are 24 fps for movies, 30 fps for NTSC video, 60-85 Hz for CRT computer monitor
displays, etc. For interlaced (non-progressive) displays, the frame may consist of two sequential fields of video
information where alternative horizontal pixel lines are used for each field. The field rate would be twice the
frame rate, e.q., 60 field per second for NTSC video.

full screen — Refers to adisplay surface condition whereby any single color (white, black, blue, etc.) exhibited over
the entire surface.

gamma — Refers to the exponent of the stimulus in a luminance versus stimulus mathematical model—see “gray-
scale model” below or 302-5 Gray Scale of Full Screen.

ghosting — A form of crosstalk with a shorter spatial/temporal duration that manifests itself as afaint offset image
from the main intended image (see “crosstalk”).

glare — General term referring to undesirable light introduced into the measurement because of imperfectionsin
the optical system. See more specific terms “lens flare” and “veiling glare.” For the most part, we don’t
employ this word in the sense used in ergonomics, where the effects of reflections are considered in the
readability of a screen.

gloss— A property of reflection whereby either distinct images (specular reflection) or quasi-distinct images
(highlights) can be seen of the objects in the specular direction. See ASTM E284.

gloss black — Gloss-black plastic material made of vinyl plastic approximately 0.25 mm (0.010 in) thick is most
often referred to in this document. Gloss refers to the ability of a material to produce a distinct image of the
light source in the reflection of that light source. Gloss black paints, available at any hardware store, may also
be used. The specular reflectance is often about 5 % whereas the luminance factor is often from 1 % to 2 %
depending upon the quality of the plastic or paint.

graphics— Display of information in the form of lines and geometric shapes to which colors, fills, patterns, or
textures are assigned.

gray level — One particular gray luminance of the black-to-white available luminances of a display. The number of
distinct levels of gray that the display is capable of producing includes white and black, e.g., 8-bit or 256.

gray scale — The range of luminances obtainable from a display from black to white.

gray-scale model — Digital Signal Bit Levels: Given n levels of gray that can be displayed on a screen, with O for
black and w=n- 1 for white. We want to select a subset of mlevelsthat are as evenly spaced as possible. The
interval between the n levelsto create mlevelsis DV = w/(m- 1), which may not be an integer. So, the levelsto
select are the (integer) values of V; = int[(i-1)pV] fori =1, 2, ..., m, or V; = 0, int(DV), int(2DV), int(3DV), ...,
int[(m- 1)DV], with int[(m- 1)bV] = wfor white. For example, if there are n = 256 = 2° levels from which we
select m= 8 levels, white isw = 255; the interval is DV = 36.4286, and the chosen levels are: 0, 36, 73, 109,
146, 182, 219, 255. Analog Signal Levels: For analog signals, if V,, isthe white level and V, is the black
level, then for mlevelsthe signal step sizeisbV = (V,, - Vp)/m. If we chose black as 0 and white as 1 then the
m = 8 gray-levels would be: 0, 0.1429, 0.2857, 0.4286, 0.7143, 0.8571, 1 with DV =0.1429. Similarly, if black
is 0 and white is 100, then the eight gray levelswould be 0, 14.286, 28.571, 42.857, 57.143, 71.429, 85.714,
100.

H — Horizontal size (width) of the viewable screen actively producing an image (this assumes a rectangular
screen). See 'V for vertical size.

halation — The leakage of light from bright areas of the image into the dark areas because of reflection or diffusion
arising from the materials used in the construction of the display, their configuration, or cross-coupling in the
circuitry that produces a corruption of black from surrounding white areas.. Reflections off the covering
material (e.g. front glass of CRT) and within or along the display surface (e.g., phosphor surface of CRT) are
examples.
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halo — The light that is scattered from bright areas of a display into dark areas usually appearing asaring or
outline surrounding the bright area. See Halation.

haze — The property of reflection that is like specular in that it is directed in the specular direction, but does not
create a distinct virtual image of the source, and it is proportional to the incident illuminance (see A217). See
also ASTM E284 where haze is connected with specular reflection manifesting itself as a reduction of contrast
of the distinct image because of diffusion of the light from the strict specular direction.

HDTV — High definition television.

height — The vertical height V of the viewable screen actively producing an image.

| —Luminous intensity in candela, Im/sr e cd

illuminance — The amount of light E falling upon a surface (or passing through a surface) expressed in Im/m?. See
A201 and A202 for more details.

image — A display of information in the form of pictures of real-world objects or similar renderings usually having
a continuous range of gray scales and colors. Thisisin distinction to graphics, see “graphics.”

imprecision — See “precision”—This is an imprecise term to use to describe uncertainty.

inaccur acy — See “accuracy” —Thisis an imprecise term to use to describe uncertainty.

integrating sphere— A hollow sphere with the interior surface coated with a white material usually of very high
reflectance (but not always). It has an entrance port for an input light source and an exit port to provide a
source of luminance. If the exit port is 1/3 the diameter of the sphere or less and the interior white surface has
aluminance factor of 98 % or more, then the nonuniformity of the luminance across the exit port can be nearly
1 %. (See A113 Auxiliary Laboratory Equipment and A210, A211, A212 in the Technical Discussion Section
for more details.)

interested parties— All the companies and individuals who have negotiating authority in the commerce of an
electronic display.

IR — Abbreviation for infrared light.

isotropic — Used to describe the nature of anything that has the same property in all directions.

JND — Abbreviation for Just-Noticeable Difference, a perceptually based unit of measure for the magnitude of
difference between two stimuli. In IND units, two stimuli (e.g. an image sequence and a degraded counterpart)
differ by 1 JND if an observer can discriminate between the stimuli with 75 % accuracy. There is a model
based on human vision (called the Sarnoff Vision Model—see Lubin, et al., 1995, 1997) that predicts the
discriminability (and perceptual difference) between two image sequencesin JND units. Multiple INDs can be
interpreted as follows: a 1-IND difference has small perceptual impact; a 3-JND difference is almost always
observable but not strong; al10-JND differenceis clearly observable. References: 1. J. Lubin, A visual system
discrimination model for imaging system design and evaluation, in E. Peli (ed.), Visual Models for Target
Detection and Recognition, World Scientific Publishers, 1995. 2. J. Lubin, M. Brill, and R. Crane, Vision
model-based assessment of distortion magnitudes in digital video, presented at the November, 1996 meeting of
the International Association of Broadcasters (IAB).

K —Kelvin, the unit of absolute temperature (say “kelvin” NOT “degrees kelvin”).

L — Luminance in cd/m?. At one time this unit, cd/m? was called “nit,” but that is no longer considered to be
proper terminology. Please don’t confuse this with any of the CIE measures of brightness.

Lambertian — A property of a surface where the luminance is independent of the angle from which the surface is
viewed—see A203 for details.

Ly — Luminance of black.

L., — Luminance of white.

LCD —Liquid crystal display, a display technology for which there are a number of varieties: active-matrix
(AMLCD), thin-film-transistor (TFT), super-twisted-nematic (STN), etc. A liquid-crystal material sandwiched
between electrodes (one of which is often transparent) that changes its reflectivity or transmissivity as a
function of voltage.

lensflare — Please see “veiling glare.”

LMD, light measurement device, light measuring device — Any one of a variety of devices used to measure light,
luminance, color, or color temperature. It can include a luminance meter, colorimeter, spectroradiometer,
photodiode, photomultiplier tube, etc. depending upon the requirements for the measurement.

light measur ement device, light measuring device — See“LMD” above.
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light trap — Any of avariety of objects which are used to provide a reference black in aregion in which luminance
(or color) is being measured. To obtain the blackest reference use a gloss-black circular cone with a narrow
apex angle where the apex of the cone is squeezed together or bent around so that there is no surface of the
gloss-black material which faces the opening. When the requirement for a black reference is not so stringent, a
gloss-black surface is employed. The reason for the glossy (specular) surfaceisthat lesslight is likely to reflect
from the environment into the LMD than would be encountered using a matte black surface. (Synonyms: black
gloss light trap, black trap, black light trap, light trap) [A113]

linear regression — Given alinear functional formy = mx + b suppose we have a number N of measurement pairs
(%, ;) and we want to extract the best coefficients m and b to fit these data. (For example, y might be the
temperature of a furnace and x might be the time from turning on the furnace; we could measure the
temperature as a function of time and desire to fit the data to a straight line so we can get an estimate of the
rate of increase of temperature of the furnace m starting at the ambient temperature b.) The linear regression

or fit of these data provide the following values for mand b:
2
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which can be positive or negative but its absolute value is a maximum of one for a perfect fit and zero for no
correlation (indicating that the data are random, not linear). These kinds of calculations are found in scientific
calculators and spreadsheets. [302-5, etc.]

loading — A change in the display performance that accompanies the change in power consumed by the electronics
used in creating the image. For example, the white luminance displayed on a CRT can be dependent upon the
area of the white region being displayed, the larger the white area, the dimmer the white luminance. There can
also be spatial distortions of the image because of loading effects.

Lum. — Abbreviation for “luminance.”

lumen — A quantification of visible light power, abbreviated Im. See A201 and A202.

luminance — Relates to the quantification of the colloquial technical term for the brightness of a surface.
Luminance is expressed in cd/m?. See A201 and A203.

luminance adjustment range — The range of adjustment in the luminance of a full-white screen provided as a
control (software or hardware) with the display. (Synonyms: dimming range, percent of luminance variation,
dimming ratio, brightness range, range of brightness)

luminance coefficient — The ratio of the luminance to the illuminance for a Lambertian reflector: g = L/E, where
g=rgq/p, andr 4 isthe luminance factor.

luminance factor — The fraction of incident luminous flux reflected from a surface, often in reference to
Lambertian reflectance where the luminance is related to the illuminance by L = r 4E/p.

luminous exitance — The amount of light M exiting a surface expressed in Im/m?.

lux, Ix — unit of illuminance and luminous exitance in lumens per square meter (Ix = Im/m?).

U.mp, ULmp — The combined standard uncertainty of the LMD and the expanded uncertainty of the LMD (usually
with a coverage factor of two), respectively.

M — Luminous exitance in Im/m?.

matte — A reflection property of a surface that diffuses the incident light in quasi-Lambertian manner, i.e., the
surface appears approximately the same brightness from all directions and there are not highlights or distinct
reflections of sources. Often the term “diffuse” is aso used in this manner. We speak of diffuse white
standards and matte white paint, both refer to the same kind of reflection, although when we speak of a diffuse
white standard we generally mean a material that is as close to a Lambertian reflector as possible.
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mean — The mean (m of n measurements of quantities X, is m = n a X

=1

Meas. — Measure.

Michelson contrast — An expression for the contrast given by Cr, = (Limax - Lmin)/( Lmax + Lmin), Where Lyn isthe
minimum luminance and L,,» iS the maximum luminance under consideration.

Moir é pattern — An undesirable visible luminance modulation which has a spatial variation usually substantially
larger than the pixel-to-pixel separation. It usually appears as a small quasi-linear two-dimensional luminance
wave across alarge portion of the screen.

moving-window-aver age filter —Let the LMD sample rate be s, the raw time-dependent light measurements taken
at intervals of 1/sbeL;, and define the window DN as the number of light data points over which an average is
to be performed, then the resultant window-average-filtered signal for any data point i is § given by

1 n:i»;DN-l
:_ a Ln "
S=oNn &
As this window-average filter moves along the data 0, 1, ..., i, i+1, i+2, ..., it creates anew set of data § from

the original data. This processis referred to as subjecting the raw data to a moving-window-average filter, and
the process manages to average out high frequency irregularities which are narrower than the window width.
(Also loosely termed a running average.)

monochr ome — In this document a monochrome display means that the display uses only one color to display its
information (with or without multiple luminance levels). The display might show two colors, but the contrast
used to display information is only derived from one color other than a background color. Some examples are
black-and-white displays or blue-and-yellow displays, etc.

MPCD — Mean perceptible color difference.

Muncel Colors— In this document eight reflectances are specified for unsaturated colors possibly useful in digital
calibration of displays. See A222 Procedure for Verifying Digitally Driven Color Monitors and Table A222 in
the table section A500.

Ny , Ny — Number of pixels horizontally, vertically.

NDF — Neutral density filter. See A113 Auxiliary Laboratory Equipment.

negative, negative screen, negative configuration — white (or bright) letters on a black (or dark) screen.

normal — The normal or perpendicular to the surface of the screen. We specify that measurements should be made
from the screen normal. Any other arrangement for a non-normal design viewing direction must be explicitly
stated and agreed upon by all partiesinvolved. See “design viewing” for a discussion of non-normal viewing of
adisplay. (Synonym: screen normal, perpendicular to screen)

NTSC — National Television System Committee

OEM - Original equipment manufacturer. It usually refers to those manufacturers who integrate manufactured
components together into a finished commercial product.

Opt. — Abbreviation for “optional.”

palette — The number of different colors that can be generated under al circumstances of use. Note that this can be
amuch larger number than the total number of colors that can be displayed at any given time. See “total
number of colors.”

PC — Personal computer

PD, PDP — Plasma display, plasma display panel. A flat panel technology for which inert gasisionized thereby
producing ultraviolet light which , in turn, causes phosphors to fluoresce.

PDF — Adobe’ s Portable Document Format® for electronic file reading of printed documents. Adobe’ s reader is
available from their web site for any major computer platform (www.adobe.com).

PE — Polyethylene

Py, Py —Number of pixelsin the horizontal direction, in the vertical direction, which defines the active area of
the screen.

photometry — Measurement of any quantity connected with the wavelength integral of an electromagnetic spectral
power distribution, weighted by the CIE 1931 V(1 ) function.

photopic, photopic response, photopic correction — Apparatus that exhibits a spectral response according to the
the CIE 1931 V(1) function (or nearly so). Thisis the transformation of spectral power measurements to
luminous equivalents, through multiplication by the CIE 1931 V(1 ) weighting function, integration in
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wavelength lambda, and multiplication by the appropriate conversion factor (e.g., 683 lumens/watt). If the
light emitter is one square meter of Lambertian surface viewed from the normal direction, the luminous flux
(in lumens) is numerically the same as the luminance in cd/m?. [A201]

PMT — Photomultiplier tube.

PSF — Point spread function—refers to the flux density in the image plane associated with a point source in the
object plane of an optical system.

PTFE — Polytetrafluoroethylene (common trade name of Teflon®, aregistered trade name of Dupont)

per cent change — Given aninitial value of a quantity Q; and afinal value of the same quantity Q, the percent
change relative to the initial value is given by 100%(Q; - Q)/Q; ; relativeto the final valueit’s
100%(Q - Qi)/Qx.

peripheral vision —vision with the part of the retina at least 14.5 degrees away from the eye's optical axis (see
Wyszecki and Stiles, 1982, p. 89). In the peripheral retina, there are far more rods (dim-light-sensitive cells)
than cones (bright-light-sensitive cells). Therefore, the perception of color and spatial detail is much lessin the
periphery than in the fovea. However, dim stars that are invisible in the fovea are visible using peripheral
vision (especially near the inner margin of the periphery, about 20 degrees away from the optical axis--See
T. Cornsweet, Visual Perception, Academic, 1970, p. 137).

pitch — The separation between the center of two adjacent pixels which is the same as the distance between
identical points on two adjacent pixels. It is expressed in a distance/pixel such as 0.2 mm/px or just distance as
0.2 mm. Thisis the same as the reciprocal of the number of pixels per unit distance. [501]

pixel — Picture element: A pixel isthe smallest element of the display surface which can reproduce the full range of
luminances and colors of the FPD. Often the pixel is composed of subpixels (or dots). (Symbol: px)

positive, positive screen, positive configuration — black (or dark) letters on awhite (or bright) screen (like white
paper with black letters on it).

power — Rate of energy transferal in units of watts (joules per second), in electrical terms: power = voltage x
currentorP =V 1.

precision — The precision a qualitative term often used for the closeness of agreement between consecutive
measurements. Imprecision is also a qualitative term often used for the same thing. These are not considered
guantitative evaluations of measurement uncertainty (their use has fallen out of favor because they are used in
so many different ways). See the section Statements of Uncertainty (A221) in the appendix for a full discussion
of the matter.

primary colors— The color of the each separate subpixel. In RGB displays the primary colors are red, green, and
blue. These are the colors that are most saturated and furthest from the white point. In alinear color space
these primary colors will lie at the corner points of the polygon representing the color gamut. Our notation for
the primary and secondary colors based on RGB is athree letter subscript: “red” for red, “grn” for green, “blu”
for blue, “cyn” for cyan, “mag” for magenta, “yel” for yellow, e.9., Lye, Lred, Lgm, €LC.

px — Symbol for pixel.

pt — Abbreviation for a point.

g — Luminance coefficient of a surface whereby the luminance is related to the illuminance by L = gE. Usually it is
implicitly assumed that the reflection is Lambertian so that the luminance doesn’t change with viewing
direction of the surface.

Q — Defective pixels clustering quality.

r — Reflectance either expressed as a number or percentage.

r ¢ — Luminance factor: The luminance L of a Lambertian sample of reflectance r 4 subjected to illuminance E is
given by L = Er 4/p.

r s — Specular reflectance: The luminance L from a specular (mirror-like) surface arising from a source luminance
Lsisgiven by L =rsLs. If the source luminance L is a an angle of g, the incident angle, from the
perpendicular of the surface, then the direction of the reflected light, the specular direction, is the reflection
angle - g from the perpendicular where the perpendicular, the incident ray, and the reflected ray al liein the
same plane.

R, — Symbol for residual image.
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radiometry — The measurement of any quantity connected with electromagnetic radiation.

ray — The path of an infinitely narrow beam of light.

reflection — The process whereby luminous flux incident upon the surface of a display is redistributed with or
without attenuation anywhere in the hemispherical areain front of the display. [308]

replica mask — A black mask that is of the same size shape as a black area on the screen in order to determine a
suitable correction for glare and having a reference black. [A101]

residual image — Partial remains of an image after the content has changed, the remnant of a video image on the
screen after the original image is removed electronically. It is generally most pronounced for cases where the
image was unchanged for long periods of time, and/or had high contrast. The duration of the image to produce
aresidual image and amount and techniques for recovery are technol ogy-dependent. (Section 305-2. Synonym:
latent image, image retention) Note: Testing for residual image could result in permanent damage to the
display.

resolution — Often this means addressability, that is, we say a 1024 © 768 pixel display or Py~ Py, display which is
the addressable horizontal and vertical pixels. Resolution, defined strictly, refers to how well the eye can
distinguish two objects that are close together. Unfortunately, resolution has come to be used synonymously
with addressability, but not in this document. If adisplay is poorly designed, it may have alarge addressability
but not be able to be resolved at that same spatial frequency.

repeatability — The repeatability of an instrument may be characterized by the standard deviation associated with
a series of measurement results made in an identical manner in a short period of time. See A221 Statements of
Uncertainty for more details.

reporting document, reporting documentation — Any reporting mechanism used to technically describe the
performance or features of adisplay. It would include advertisements used to distinguish one display from
another based on any measurement results from the use of this document.

reproducibility — The reproducibility of an instrument may be characterized by the standard deviation associated
with a series of measurement results made over along period of time; using different operators; different
temperatures, humidity, and pressures (within the operating specifications of the instrument); etc. [A221]

RH — Relative humidity.

Ronchi ruling — A series of black opaque lines on a clear substrate (like glass) where the clear line width is the
same thickness as the opague line width. The ruling should always be observed from the ruling side in order to
obtain maximum contrast. If it is observed from the substrate side then reflections in the substrate will degrade
the observed contrast. [A113]

running aver age — See moving-window-average filter. [A218]

sLmp — The repeatability requirement placed upon any LMD used for measurements based upon this
document. [A101, 301-1]

s— pixel spatial frequency, the inverse of the pitch, s= 1/P.

SBM - Suite of Basic Measurements: Selected measurements that are considered to be a small set of important
measurements. See the Reporting Section (200) for a complete discussion.

screen — The physical surface of the display which exhibits information, the area of the display which has images
electrically generated. In general it is the physical pixelated area, although in some cases, like projection
display, it can be optically displaced from the actual pixel area. For direct view, fixed-format pixel displays,
the image area will always be the pixel matrix. (Synonym: display surface, display face, viewing area, active
area, active viewing area, viewable areq)

screen height — The linear measure of the height of the displayable surface measured at center screen.

screen normal — See “ screen perpendicular” below.

screen perpendicular — A line which is normal or perpendicular to the surface of the screen; often the center of
the screen is the reference point on the surface from which the perpendicular is determined. (Synonym:
perpendicular, normal, orthogonal, screen normal)

screen width — The linear measure of the width of the displayable surface measured at center screen.

secondary color s— Combinations of two of the primary colors at full intensity. For the RGB system they are cyan
(B+G), magenta (B+R), and yellow (R+G) where we denote associated variables with three letter subscripts
“cyn,” “mag,” and “yel,” respectively.

shadowing — Cross coupling, or crosstalk, between any part of the pixel addressing architecture might occur in
certain circumstances when there are images of varying luminances or colors displayed. This could result in an
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image of one luminance level or color producing a shadow of equal or unequal luminance or color across some
area of the display that has a different luminance level or color. (Synonym: cross talk, trailing, cross-coupling,
streaking, ghosting. See “crosstalk.”) [303-4]

sheen — The production of adistinct virtual image of reflected objects from a matte or diffusing surface when
objects are viewed at grazing angles (angles far from the normal of the surface).

Shad. — Abbreviation for shadowing (see above).

Sl — The International System of Units, universally abbreviated “SI” coming from the French Le Systéme
International d’ Unités.

SMPTE — Society of Motion Picture and Television Engineers

solid angle — The ratio of the area of a portion of a spherical surface to the radius of that spherical surface. See
A202 for more details.

spatial frequency — The number of items per unit distance. For example, if the separation between the center of
two adjacent pixelsis 0.2 mm (the pitch), then the associated spatial frequency of the display is the inverse of
this: 5 (mm)1 or 5 pixels/mm.

specular — A type of reflection whereby the luminous flux incident upon a display surface from an angle g with
respect to the normal is reflected in a direction q on the other side of the normal directly opposite the incident
angle. In this document it will usually refer to that part of reflection that produces a distinct (mirror-like)
virtual image of the source. See ASTM E284 where it is defined as “reflection without diffusion,..., asina
mirror.”

specular reflectance — The ratio of the luminance of the specular virtual image to the source luminance for the
component of reflection that defines a mirror-like distinct virtual image of the source: rs= L/Ls.

standard deviation — If there are n measurements of quantities x;, the standard deviation s is defined in terms of

n
themean mas. s = \/ié (x - m)?
n-17,

Std., std., std — Abbreviation for “standard.” Usually associated with a white diffuse standard material having a
known (calibrated) reflectance.

StDev. — Abbreviation for “standard deviation.”

STN — Super-twisted-nematic type of LCD.

streaking — Short-term or short-distance shadowing, which is aform of cross-talk whose effect decays over a
distance on the display (see “cross-talk”).

subpixel — The smaller elements which can compose a pixel. For example, an RGB display can have each pixel
composed of three subpixels: ared, green, and a blue subpixel (sometimes there are two green subpixels for a
total of four subpixels per pixel). Thus, a subpixel is each discrete primary colored element composing a full-
color pixel. (Synonym: dot)

sunlight readability — Displays that are sufficiently bright or that minimize reflections (or both) to be readable in
direct sunlight. It isimportant to realize that there can be a difference between specular sunlight readability
(looking directly in the direction of the reflected image of light source) and sunlight readability referring to
non-specular viewing (where the light source is positioned to not be in the specular direction).

task — The conditions under which a display is used to achieve a particular purpose or goal. It can include the type
of information that is displayed as well as the surround or environment in which the display and operator is
placed. [301-3]

text — display output in the form of printed text, usually it has high contrast or good color contrast to make it as
readable as possible.

total color bits— The total number of bits available for color rendering (including grays). For a5,6,5/RGB system
we have 16 bits for the total color bits, the 8-bits each RGB system gives 24 bits for the total color
bits. [301- 24

total number of colors— The number of different colors that can be displayed at any one time. Thus, although a
display may allocate 8 bits for each color RGB giving a palette of 16.78 10° colors, if only 256 of those colors
can be allowed on the screen at any time, then the total number of colors would be 256. If we wanted to specify
the palette in addition, we would say that there could be atotal number of 256 colors from a pal ette of
16.78 10° colors. [301- 24]

u, v — Chromaticity coordinates for the 1960 CIE color space. See A201 for details.
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u’, v’ — Chromaticity coordinates for the 1976 CIE color space. See A201 for details.

Unif. — Abbreviation for “uniformity.”

v —signal level, bit level, analog signal level

V —Vertical size (height) of the viewable screen actively producing an image (this assumes a rectangular screen).
See H for horizontal size. Also, signal level, bit level, and analog signal level.

VDU - video display unit

veiling glar e — Precise definitions may not be attached to thisterm and "lens flare," but, in general, lensflare
refers to a strikingly non-uniform stray light that is introduced by reflections off the lens surfaces within a
lens. Defined thisway, lens flare is often very visible. (For example, when a camera s pointed in the general
direction of the sun the bright illumination from the sun hits the lens and makes numerous rings, lines, and
colored patches visible.) Veiling glare, on the other hand, is often used to refer to the less obvious and
somewhat more uniform stray light that floods the entire region of the detector with light, corrupts dark areas
with white (or color), or mixes colors. It can be introduced also by reflections within the lens system or
scattering from dirt and other objects associated with the lens system. [A101]

video — In this document we often use “video” to refer to either a static or dynamic image produced on a screen. It
can also be used to refer to the signal input to adisplay, or to represent electronic image producing technology,
in general.

vignette — When using a lens to produce an image the image will be observed to get darker as you move further
away from the center of the image on the axis of the lens. This type of darkening is called a vignette (French,
pronounced: vin-yet” ). The effect, either light or dark, is often used in portrait photography to soften the area
around the face or bust and blend in the background. When imaging with a lens an aperture placed between
the object and the lens can produce an out-of-focus image of the aperture with the image of the object within
the out-of-focus or fuzzy image of the aperture. This fuzzy framing of the observed object is called a vignette.

war m-up, war med-up, war m-up time — Refers to a minimum time required to elapse before any measurements
can be made and recorded for the purposes of this standard. The warm-up time is the time required for a
display to reach luminance stability after it has been off for a sufficiently long time so that it starts at the
ambient temperature at the turn-on time. Note that we recommend a 20-min warm-up time as a standard setup
conduction (301-2d). This test allows the user to either verify that the 20-min time is adequate or determine if
adifferent amount of warm-up time is suitable or needed. [305-3]

war m-up time measur ement — A measurement of the time required to reach a certain luminance stability criterion
for a specified screen condition such as full-screen white (not used in the Basic Measurement Suite).

width — The horizontal size H of the viewable screen actively producing an image.

window aver age — See moving-window-average filter.

white — The maximum luminance L,, attainable for the set conditions of the display. For example, with an RGB
display, white is obtained when all three subpixels are at maximum luminance (largest signal).

white screen — A screen for which all pixels on the display surface are driven with the same stimulus in attempts
to continuously display the same white level over the entire surface of the screen, where white means the
maximum luminance. [302-1]

Wht, wht — Abbreviation for “white.”

X, Y, Z —1931 CIE chromaticity coordinates. [A201]

X, Y, z— Right-handed Cartesian coordinate system with z as the axis normal to the display (assuming the surface is
vertical), y isthe vertical axis, and x is the horizontal axis. [300]

APPENDIX — page 265 265



) A300 GLOSSARY

Acronyms and Abbreviations that may be of interest:

ACATS
AEA
ALARA
AMLCD
ANSI
ARPA
ASTM
ASS
ATSC
ATTC

ATV
B-ISDN
BIPM
BRDF
BSDF
BTDF
CATV
CCIR
CCITT
CCPR

CD
CEN

Advisory Committee on Advanced Television Service

American Electronics Association

as low as reasonably achievable

active matrix liquid crystal display

American National Standards Institute

Advanced Research Projects Agency (formerly DARPA)

American Society for Testing and Materials

Swedish Nation Board of Occupational Safety and health

Advanced Television Systems Committee

Advanced Television Test Center (created by broadcasting companies and industry organizations
in1988 to test proponent advanced television transmission systems. Alexandria, VA)
advanced television

Broadband Integrated Services Digital Networks

Bureau International des Poids et Mesures (International Bureau of Weights and M easures)
bidirectional reflectance distribution function

bidirectional scattering distribution function

bidirectional transmittance distribution function

cable TV

International Radio Consultative Committee

International Telephone and Telegraph Consultative Committee

Consultatif Comité de Photométric et Radiométrie (Consultative Committee of Photometry and
Radiometry)

committee draft

Comité Européen de Normalisation (European Standards Committee)

CENELEC European Committee for Electrotechnical Standardization

CGPM
CIE
CIPM
COHRS
CORM
CSF
CcsL
DAB
DARPA
DIN
DIS
DSRC
DUT
EC
EEC
EFTA
EIA
EIAJ
ESF
FED
FCC
FPDM
HDTV
HRI
HRIS
|IEEE
IEC

266

Conférence Générale des Poids et Mesures (General Conference of Weights and Measures)
Commission Internationale de I'Eclairage (International Commission on Illumination)
Comité International des Poids et Mesures (International Committee for Weights and M easures)
Committee on High Resolution Systems

Council for Optical Radiation Measurements

contrast sensitivity function

Computer Standards Laboratory

digital audio broadcasting

Defense Advanced Research Projects Agency

Deutsches Institut fir Normung (German Institute for Standardization)

draft international standard

David Sarnoff Research Center

display under test

European Community

European Economic Community (often use EC above as substitute)

European Free Trade Association

Electronic Industries Association

Electronic Industries Association of Japan

edge spread function

field emission displays

Federal Communications Commission

Flat Panel Display Measurements Standard (VESA)

high definition television

high resolution imaging

high resolution information systems

Institute of Electronics and Electrical Engineers

International Electrotechnical Commission
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ISO
IS&T
ITU
LMD
LSF
MAC
MPR
MTF
MUSE
NAB
NIDL
NIST
NPL
NRC
NRLM
NTIA
NTSC
OSTP
OTF
PIMA

PTB
SAE

S

SID
SMPTE
SPIE
ssl
STN
TAG
TC
TEPAC
TEB
TEP
TFT
TN
usDC
USNC
VESA
VDT
VDU
WG

A300 GLOSSARY (o) 2R

International Organization for Standardization

Society for Imaging Science and Technology

International Telecommunication Union

light measuring device (in VESA FPDM)

line spread function

Multiple Analog Component

Swedish National Board for Measurement and Testing
modulation transfer function

Multiple Sub-Nyquist Sampling Encoding System (Japanese HDTV system)
National Association of Broadcasters

National Information Display Laboratory (at DSRC)

National Institute of Standards and Technology (USA)
National Physical Laboratory (UK)

National Research Council (Canada)

National Research Laboratory of Metrology (Japan)

National Telecommunications and Information Administration
National Television System Committee

Office of Science and Technology Policy (part of the Executive Office of the President)
optical transfer function

Photographic and Imaging Manufacturers Association

point spread function

Physikalisch-Technische Bundesanstalt (Federal Physical Technical Institute [ Germany])
Society of Automotive Engineers

Systéme International d'Unités (International System of Units)
Society for Information Display

Society of Motion Picture and Television Engineers
International Society for Optical Engineering (Society of Photo-Optical Instrumentation Engineers)
Swedish National Institute of Radiation Protection

super twisted nematic (liquid crystal)

technical advisory group

technical committee

Tube Engineering Panel Advisory Council (for EIA)

TEPAC Engineering Bulletin

Tube Engineering Panel

thin film transistor

twisted nematic (liquid crystal)

United Sates Display Consortium

US National Committee of the IEC

Video Electronics Standards Association (vee'-suh)

video display terminal

video display unit

working group
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In order to accommodate the buffet idea and keep future editions compatible with older documents, the numbering
system of the references is not in order from front to back in the document. The first group are references used
throughout the document. The listed references within section numbers are presented here for completeness.

[1] EIAJ (Electronics Industries Association of Japan), Measuring Methods for Matrix Liquid Crystal Display
Modules (Japanese), contact via www.eigj.or.jp.

[2] 1SO 13406 Part 2, “Ergonomic Requirements for the Use of Flat Panel Displays,” ISO/TC 159/SC 4/WG 2, to
be published (becoming a DIS at the time of thiswriting). See reference [3] for contact information.

[3] 1SO 9241 series: Ergonomic requirements for office work with visual display terminals (VDTSs). Contact 1 SO:
www.iso.ch/infoe/guide.html for specific ordering information. Here are the three of interest to display
metrologists (TC 159/ SC 4): Part 3 — Visual display requirements, Part 7- Requirements for display with
reflection, Part 8 — Requirements for displayed colours. SO documents are ordered through the member
bodies for each participating country. For example, in the USA people would use ANSI (American National
Standards Institute), 11 West 42nd Street, 13th floor, New Y ork, N.Y. 10036, Telephone: + 1 212 642 49 00,
Telefax: + 1 212 398 00 23, Internet:info@ansi.org.

[4] NIDL Publication No. 171795-036, Display Monitor Measurement Methods under Discussion by EIA
(Electronic Industries Association) Committee JT-20, Part 1: Monochrome CRT Monitor Performance, Draft
Version 2.0, July 12, 1995. NIDL Publication No. 171795-037, Display Monitor Measurement Methods under
Discussion by EIA (Electronic Industries Association) Committee JT-20, Part 2: Color CRT Monitor
Performance, Draft Version 2.0, July 12, 1995. These documents provided some of the ideas employed in this
FPDM standard.

[5] SMPTE Standard 170M-1994 “ Televisioin — Composite Analog Video Signal — NTSC for Studio
Applications,” 595 W. Hartsdale Ave., White Plains, NY 10607-1824 U.S.A, tel: +1 914 761 1100/ fax: +1
914 761 3115, e-mail: smpte@smpte.org.

[6] CIE Publication No. 69, Methods of Characterizing Illuminance and Luminance Meters, Section 3.4.2.4 L
"Measurement of the effect of the surrounding field." pp. 16-17.

[7] Gunter Wyszecki and W. S. Stiles, Color Science: Concepts and Methods, Quantitative Data and Formulae,
2" Edition (1982, John Wiley & Sons). Thisis a classic reference work packed with information.

[8] Peter A. Keller, Electronic Display Measurement: Concepts, Techniques, and Instrumentation (John Wiley &
Sons in association with the Society for Information Display, 1997). This book contains a great deal of
valuable reference material, tutorial material, numerous references to the literature and existing standards,
descriptions of how things work, standards organizations, where to get things, as well as measurement
techniques.

[9] Flat-Panel Displays and CRTs (Van Nostrand Reinhold, New Y ork, 1985) Lawrence T. Tannas, Jr., editor,.
This book contains tutorial material, many references, comparisons of different technologies and how they
work, discussion on the visual system and colorimetry, image quality, etc.

[10] Y oshihiro Ohno, Photometric Calibrations, NIST Specia Publication 250-37, U.S. Department of Commerce,
National Institute of Standards and Technology, July 1997. This publication contains the details on how
calibrations are made in photometry and describes the subtleties in the use of the instrumentation with a
complete uncertainty analysis.

[11] International Lighting Vocabulary, CIE Publication 17.4 (1989).

[12] Barry N. Taylor, Guide for the Use of the International System of Units (9), NIST Special Publication 811,
1995 Edition. Also see SO’ s Standards Handbook Quantities and units (International Organization for
Standardization, Geneva, Switzerland, 1993).

[13] ASTM Standards on Color and Appearance Measurement, 5" edition, 1996.

[14]. C. S. McCamy, H. Marcus, and J. G. Davidson, "A Color Rendition Chart,” Journal of Applied Photographic
Engineering, Summer Issue, 1976, Val. 2, No. 3, pp. 95-99.
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P. Wolf and R. Goosses, Relation of photosensitivity to epileptic syndromes, J. Neurol., Neurosurg., and Psychiat.
49, 1386-1391 (1986)

A201 PHOTOMETRY AND COLORIMETRY SUMMARY

[1] P.Lennie, J. Pokorny, and V. C. Smith, Luminance, J. Opt. Soc. Am. A, Vol. 10 (1993), pp. 1283-1293

[2] H.Fairman, M. Brill, & H. Hemmendinger, Color Res. Appl. 22 (1997), 11-23.

[3] S. McCamy, Color Res. Appl. 17 (1992), pp. 142-144 (with erratum in Color Res. Appl. 18[1993], p. 150).
[4] A. Robertson, J. Opt. Soc. Am. 58 (1968), 1528-1535.

[5] W.N. Sproson, Colour Science in Television and Display Systems, Adam-Hilger, 1983, page 42.

[6] P.Alessi, Color Res. Appl. 19 (1994), 48-58.

A209 NONLINEAR RESPONSE OF EYE
C. A. Poynton, SMPTE Journal, December 1993, p. 1101

A217 REFLECTION MODELS

[1] F. E. Nicodemus, J. C. Richmond, J. J. Hsia, I. W. Ginsberg, and T. Limperis, Geometrical Considerations
and Nomenclature for Reflectance, NBS Monograph 160, October 1977.

[2] ASTM Standards on Color and Appearance Measurement, 5" edition, E 284-953, “ Standard Terminology of
Appearance,” definition of haze, p. 243, 1996.

[3] ASTM Standards on Color and Appearance Measurement, 5" edition, D 4449-90 (Reapproved 1995),
“Standard Test Method for Visual Evaluation of Gloss Differences Between Surfaces of Similar Appearance,”
pp. 178-182, 1996. This discusses distinctness-of-image gloss and reflection haze.

[4] ASTM Standards on Color and Appearance Measurement, 5" edition, E 179-91a, “ Standard Guide for
Selection of Geometric Conditions for Measurement of Reflection and Transmission Properties of Materials,”
pp. 210-215, 1996.

[5] ASTM Standards on Color and Appearance Measurement, 5™ edition, E 1392-90, “ Standard Practice for
Angle Resolved Optical Scatter Measurements on Specular or Diffuse Surfaces,” pp. 439-444, 1996. Refers
alsoto [6].

[6] ASTM Standards on Color and Appearance Measurement, 5" edition, E 167-91, “ Standard Practice for
Goniophotometry of Objects and Materials,” pp. 206-209, 1996.

[7] M. E. Becker, “Evaluation and Characterization of Display Reflectance,” Society for Information Display
International Symposium, Boston Massachusetts, May 12-15, 1997, pp 827-830.

[8] J. C. Stover, Optical Scattering, Measurement and Analysis, SPIE Optical Engineering Press, Bellingham,
Wash., USA, 1995.

A220 MEASURES OF CONTRAST—A TUTORIAL

[1] R. N. Bracewell (1978), The Fourier Transform and its Applications. Second Ed. New Y ork: McGraw-Hill.

[2] J. W. Cooley and J. W. Tukey (1965), Math. Comput. 19, 297-301.

[3] T.Cornsweet (1970), Visual Perception, Academic Press, pp. 312-330.

[4] Electronic Industries Association (EIA, 1990). MTF Test Method for Monochrome CRT Display Systems,
TEPAC Publication TEP105-17.

[5] B. A. Wandell (1995), Foundations of Vision. Sunderland, MA: Sinauer; Chapter 2.

[6] R. M. Boynton (1966), Vision, in Sidowski, J. B. (Ed.), Experimental Methods and Instrumentation in
Psychology. McGraw-Hill, 1966.

A221 STATEMENTS OF UNCERTAINTY

[1] Barry N. Taylor and Chris E. Kuyatt, Guidelines for Evaluating and Expressing the Uncertainty of NIST
Measurement Results, NIST Technical Note 1297, 1994 Edition.

[2] 1SO Guide to the Expression of Uncertainty in Measurement, (International Organization for Standardization),
1995.

[3] ANSI/NCSL Z540-2-1997 U.S. Guide to the Expression of Uncertainty in Measurement, (American National
Standards Institute/National Conference of Standards Laboratories), first edition, October 9, 1997.
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A222 PROCEDURE FOR VERIFYING DIGITALLY DRIVEN COLOR MONITORS

[1] Commission Internationale de I'Eclairage (CIE), Method of Measuring and Specifying Colour Rendering
Properties of Light Sources (Second Edition), Publication CIE 13.2, Bureau Central dela CIE, 1974.

[2] G.Wyszecki and W. S. Stiles, Color Science, First ed., Wiley, 1967.

[3] Commission Internationale de I'Eclairage (CIE), Colorimetry (Second Edition), Publication CIE 15.2, Bureau
Central dela CIE, 1986.

[4] G.Wyszecki and W. S. Stiles, Color Science, 2nd ed., Wiley, 1982.

[5] Proposed SMPTE Standard for Television--Color Reference Pattern, J. SMPTE, September 1997, pp. 643-649.

[6] C.S. McCamy, H. Marcus, and J. G. Davidson, "A Color Rendition Chart,"Journal of Applied Photographic
Engineering, Summer Issue, 1976, Val. 2, No. 3, pp. 95-99.

GLOSSARY:

[1] J. Lubin, A visual system discrimination model for imaging system design and evaluation, in E. Peli
(ed.),Visua Modelsfor Target Detection and Recognition, World Scientific Publishers, 1995.

[2] J. Lubin, M. Brill, and R. Crane, Vision model-based assessment of distortion magnitudesin digital video,
presented at the November, 1996 meeting of the International Association of Broadcasters (IAB).

_—

Man! I'm glad that's over!
One more "metrology" and I
think I would ...
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| A500 TABLES AND FORMULAS I

Here are copies of some of the more useful tables and formulas found in this document. The originating section
number appears before the table caption as appropriate.

CONVERSION OF ANGLES IN RADIANS TO OR FROM DEGREES

q (indegrees) = 20079 (N1adiANS) _ o7 o956, (inradians)

2p iq = angleexpressedin degreesor radians
. i . .
o (inradians) - 2pq (i 3r‘letzl)oegre%) - 00174533 (indegrees) 17 - 31415927...= 4arctan(l), (arctanin radians)

SUBTENSE ANGLE OF THE LENS OF THE LMD

iq, = subtenseangleindegreesof thelensof theLMD asviewed from thescreen
qL = 360°% , : D, = diameterof theregionof thelensthat gatherslight (entrancepupil)

1 2= distancefrom screen

Converting photometric units:
Suppose you need to have the luminance expressed in cd/m? but it is given to you in fL, you have the table
below, but get confused as to how to useit. Here is a simple way: Multiply by one, where the denominator has
the unit that you want to eliminate and the numerator has the unit you want to use. Thus, if you're given a
screen luminance as 37.5 fL and you want Sl units...multiply by one...

2
375fL* 1 = 37.5fL * 3.4263% = 128 cd/m?

Similarly, given an illuminance of 24.9 fc, what is the illuminance in lux? ... multiply by one...

249fc = 249fc* 1 =249* 10.76:7X =268 Ix,
C
and so forth.
Sl (Metric) and English Photometric Conversion Table

. cd/m? = Im/sr/m? fL = Im/sr/ft I = Im/m? fc = Im/ft?
1 cd/m? = 1 Im/sr/m? 1 0.2919
1fL = 1 Im/sr/ft? 3.4263 1
1Ix=1Im/m? 1 0.09290
1fc=1Im/ft? 10.76 1

origin of number: | m%/p/ft? = 3.426259... | pft!/m? = 0.2918635... | m*/ft* = 10.76391... |ft’/m? =0.09290304...
2
1=® 34263 c4M 02019 - 1076 % 0.09200.¢
fL cd/m? fc Ix
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300 OPTICAL: Table la. Coordinate transfor mations.

asing ° arcsing® sin'q, acosq ® arccosg© cos’q, atang © arctang © tan™q, O£ q £ p/2

=®

Horizontal and Vertical
Viewing Angle

gH, qv = Hor., Ver.

North Polar

ny, ny = Hor., Ver.
(Independent Axis Vertical)

East Polar

ey, ev = Hor., Ver.
(Independent Axis Horizontal)

Cartesian (Fig. 1)
X\ Z

X = I Sing Cosf

y = rsing sinf
Z=1rCosq
Useq,f asbelow.

X =rSinny cosny
y=rsinny,

X =rSiney
y = rcosey Siney,
Z= rCOSeH COSeV

g = atan\/taanH + tanzqv

Spherical (Fig. 2) q = acos(cosn, cosn ) q = acos(cose,, cose,)
q, f f = atan(tanq /tanq ) f = atan(tam,, /sim ) f = atan(siney /taney,)
H&V Viewing _ - atan(tane.. / cos
Angle (Fig. 3) 1 91 =0H 9H (tane, /cosey )
qv=atan(tal'an/COS1H) qV:eV
gH, gv
NC(JE_ZP;))Iar Ny =qy L ny = atan(tane,, /cose,, )
ig. _ _
. Ny ny = atan(tanq cosqy) ny = asin(cosey Siney, )
E(aétgP('):_:)ar e = atan(tanq , cosq, ) ey = asin(cosn sinn ;) .
ig.
eH’a/ eV:qV eV :atan(tannv/COS\H)
300 OPTICAL: Table 1b. Coordinate transfor mations.
Cartesian _
- _ X, Y, Z Spherical
=@® ;
r=ﬂx2+y2+z2 Q,
. ' X = r sing cosf
Cartesian (Fig. 1) . .
1 y = rsing sinf
X\ Z
Z=rcosq
Spherical (Fig. 2) q = acos(z/r) L
q, f f = atan(y/x)
H&V \2[':?”'25)3 Angle ay = atan(x/ z) ay = atan(tanq cosf )
g qy = atan(y/ z) qy = atan(tanq sinf )
gH, gv
North Polar (Fig. 4) ny = atan(x/z) ny = atan(tanq cosf )
Ny, Ny ny = asin(y/r) ny = asin(sing sinf )
East Polar (Fig. 5) ey = asin(x/r) ey = asin(sing cosf )
eq, ey ey = atan(y/z) ey = atan(tanq sinf )
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300 OPTICAL: Table?2. Variables Used in This Document

Abbreviations: LMD = light measuring device; FOV = field of view; AFOV = angular FOV;
subpixel subscript i = red, blu, grn, for example; subscript j = bit or voltage level;
BRDF = bidirectional reflectance distribution function; CCD = charge coupled device

Please Note: Throughout this document the screen or display surface refersto the visible pixel surface, only those pixels that contribute to the
display of information. Any pixels behind a bezel are not included, neither isany border around the information-displaying surface included.
The diagonal D is the measure of the diagonal of the viewabl e, infor mation-displaying rectangular surface.

Symbol |Description Symbol |Description
a aspect ratio (a = H/V) Nr  [total number of pixels (Nr = Ny~ Ny)
a small area, or small area of the screen Ny |number of pixelsin the vertical dimensions
A area P |3.141592653... = 4arctan(1)
B BRDF P |sguare pixel pitch (distance per pixel),
power in watts (W), pressure
C contrast (Cg = contrast ratio, Py |horizontal pixel pitch
Cn= Michelson contragt, etc.)
D diagonal measure of viewable display , Py |vertical pixel pitch
density
da diameter of small area, target, or FOV Q |Cluster defect dispersion quality (1/cluster density)
ny, ny  |North-polar and east-polar goniometer R |refresh rate, radius
ey, ey |angles
h luminous efficiency r,r, |radius, radius of round small area on the screen
e frontal luminance efficiency S, S |subpixel areas, small areas, distances
E illuminance (Ix = Im/m?) S |surface areas; signal level, or signal counts (as
with using a CCD); also square pixel spatial
frequency (pixels per unit distance, S= 1/P)
fractional fill-factor threshold luminance S |horizontal pixel spatial frequency
a fractional (or percent) area of the screen S, |vertical pixel spatia frequency
for small areg, target, or FOV
F luminous flux (Im) a.f |spherical coordinates (see 300)
H horizontal size of the screen. g+, qv |horizontal, vertical viewing angles
g9 gamma exponent in nonlinear fit (302-5) g= |AFQV of LMD
I luminous intensity (cd = Im/sr) Tc |correlated color temperature
k detector conversion A/lm V,V, |vertical screen size, voltage, gray-scale levels
Ki peak luminances of pixel subpixels W |weight
I Wavelength w,w | Solid angle
L luminance (cd/m?) X, Y, Z |Cartesian right-handed coordinate system with z
perpendicular to the screen, x horizontal, y vertical
L* Lightness metric in CIELUV and CIELAB | u’, v" |1976 CIE chromaticity coordinates
color spaces (see A201)
m mass u,v 1960 CIE chromaticity coordinates (for CCT
determinations)
M luminous exitance (Ix = Im/m2) X, Y, Z |1931 CIE chromaticity coordinates
N, number of pixels covered by asmall areaa | X, Y, Z|1931 CIE tristimulus values
I\ number of pixelsin horizontal dimension | X,y,z |1931 CIE color matching functions
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CIE 1931 (x, y)
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501-1 SIZE: Table 3. Summary of useful relationships between size variables.
Some equations are only true for square pixels. See Table 4 for definitions.
Square
Expression Pixels | Ny [Ny [ N7 |H|VIA| Py |Py|P| S| S/ |S|a|D|a Comments
?
A= HV *xox
H = Ny Py * * * Very small error
D * * * *
H=——— |59 px
N
(N—:)z +1 | Only
aD * * |* |Aspect ratio may not be known
H = S:l pX .
a2+l Only accurately due to rounding.
V =Ny Py * i * Very small error
D * * * *
V=—o— |Sqpx
N
(N—:)z +1 | Only
* * * 1
V = D Sg. px Aspect ;atlg may not bg known
/—a 2,1 Only accurately due to rounding.
a= PH PV * * w3
- Sq. px * *
a=p* Only
a= ANt * * *
D=vH2+V? I *
. PX * * * *
D =/Py(NA + N&) Sgnf;
2 2 * * * * *
_ 2 2 Sq pX * * * *
D=NZ+N2/s only
p- L Sq pX * * * *
NyZ+H,? | Only
a=H/NV *|* *
_ Sq pX * * *
a— NH /NV Only

501-1 SIZE: Table 4. Variables Related to Size.
Py, Py, P | Pixel pitch for horizontal, vertical, and for square pixels for whichPy =P, = P
Ny, Ny Number of pixelsin the horizontal and vertical direction
$,S/,S | Pixel spatia frequency for horizontal, vertical, and for square pixels (S= 1/P)
D Diagonal measure of the screen, expressed in units of distance
H,V Horizontal and vertical measure of the screen
a
A
a

Aspect ratioa = H/V
Area of viewable display surface (A = HV)
Rectangular area allocated to each pixel (a=Py Py )
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Aspect-Ratio Conversion Table

Decimal aspect ratios less than 5:1 converted to integer ratios using integer numbers no greater than 20.
Ratios in parentheses are some equivalent aspect ratios sometimes used in industry.

Decimal Integer Decimal Integer Decimal Integer Decimal | Integer
Aspect Aspect Aspect Aspect Aspect Aspect Aspect Aspect
Ratio Ratio Ratio Ratio Ratio Ratio Ratio Ratio

1] 1:1 12727.| 14:11 1.7143.( 12:7 26| 13:5

1.0526.. 20:19 12857..( 9:7 17273..| 19:11 2.6667..| 8:3
1.0556..| 19:18 13| 13:10 175 7:4 27143.| 19:7
1.0588..| 18:17 1.3077.. 17:13 1.7778.. 16:9 275( 11:4
1.0625..| 17:16 13333.| 4:3 (86) 18| 9:5 (18:10) 28| 14:5
1.0667..| 16:15 13571 19:14 18182.| 20:11 2.8333.| 17:6
1.0714..| 15:14 1.3636..| 15:11 1.8333.[ 11:6 28571.| 20:7
1.0769..| 14:13 1375| 11:8 18571.( 13:7 3] 3:1
1.0833..| 13:12 1.3846.. 18:13 1875 15:8 3.1667..| 19:6
1.0909..| 12:11 14| 7:5 (14:10) 1.8889.. 17:9 (34:18) 32| 16:5

11| 11:10 14167..| 17:12 19| 19:10(9.5:5) 3.25( 13:4

11111.| 10:9 1.4286.. 10:7 2 2:1(20:10) | 3.3333.| 10:3
11176..| 19:17 14444 | 13:9 (26:18) 21111 19:9 34| 17:5
1.1333.| 17:15 14545 16:11 2125 17:8 35| 7:2
1.1429..| 8:7 1.4615..( 19:13 21429..| 15:7 36| 18:5
1.1538..| 15:13 15| 3:2 (6:4) 2.1667..| 13:6 3.6667.. 11:3
1.1667..| 7:6 15385..| 20:13 22| 11:5 375 15:4
1.1765..| 20: 17 15455 17:11 22222 20:9 38| 19:5
11818 13:11 1.5556.. 14:9 (28:18) 225 9:4 4( 4:1
1.1875..| 19:16 15714 11:7 2.2857..| 16:7 425( 17:4

12| 6:5 (1210 15833.| 19:12 23333.| 7:3 4.3333..|] 13:3

12143.| 17:14 16| 8:5 (16:10) 2375 19:8 45| 9:2
12222 11:9 (22:18) 1625| 13:8 24286..| 17:7 4.6667..| 14:3
1.2308..| 16:13 16364..| 18:11 24| 12:5 475 19:4

125 5:4 (10:8) 1.6667..[ 5:3 25| 5:2 5 5:1

1.2667..| 19:15 17| 17:10(8.5:5) 25714.| 18:7
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The following equations and table are from 301-2h (Viewing Distance, Angle, and Angular Field of View)
and A102-1 (Minimum Measured Region of Display Surface).

: A= areaof thescreen (viewablearea, of course)

i Ny v = numberof pixels, horizontal, vertical

: Py, Py = pixel pitchin thehorizontal/vertical direction

::: P = pixel pitchfor squarepixels

i H = horizontal sizeof screen= NPy = Ny P (for square pixels)

FOR SQUARE PIXELS .::V = vertical sizeof screen= Ny R, = Ny, P (for squarepixels)
N s N s pr 2 pr 2 I'r = radiusof round measuremert areaon screen
= — = T—=—""-N7=—%+, or T ]
a A HV p2 i 5= areaof screenbeing measured=p r2 (Goal: s< A/100)
éztan(g /2)02 2 2 : d = 2r = diameter of round measuremert areaon screen

N=pe—p g (Na+Ny), or [ (shouldbelessthan10%or H andV)

P 2 (Nﬁ + N\Z/) : a= areadlocatedtoonepixel = PR, (= p2 for squarepixels)
Ne-dc————=, i .

4 D2 ; Nt = total number of pixelson thescreen= N Ny,
(wherein thelast equationit isassumed i N = number of pixelsbeing measuredon thescreen (Goal :500 px)
that z>> r) » z = distancefrom thescreen to theLMD

"D = diagonal= VH2 +V2 = PN, 2 + Hy 2

::: Notethat D is the exact diagonal of the viewabledisplay surface.
ig = LMD angularfield of view (° orrad: ° = rad>360°/2p)

¢ (NOTE: for smallangles< 10°, sing @tang @q within1%,

¥ whereq @d/zmust beinradians)

i N = numberof pixelsmeasuredon screen

NP, R, I'z= distancefromscreen toLMD
Z= >, Whﬂei . . . .
ptan-(q /2) i B,y = pixlepitch, horizontal, vertical

1 q =LMDangularfield of view (°,or rad:° = rad -360°/2p)
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Table 1. Number of Pixels Measured and Per cent of Screen Diagonal Measured for Several Configurations.

Dec.=decimal, No.=number of, z = distance between DUT and LMD, q = AFOV, a = aspect ratio, D = diagonal

The shaded area denotes failure to comply with 500-pixel and £10%-of-diagonal convention.

Dplls)|(o;|asy Diagona 2 | q Aspecétl Retlo Size of Screen Measurement Region pil\>l<2is
° = ino
N | Ny | ny {eom)| ™™ O pec. | Ratio | H (in) | v in) (mHm) (mvm) Oér;nzq)r 'Qfé’ %Area] N
640] 480] 10.4] 264] 500] 2| 1.333] 43 | 832 6.24] 211 158 17.46] 6.6%| 0.71%| 2195
640] 480 21.0] 533] 500] 2| 1.333] 4:3 | 16.80] 12.60] 427] 320 17.46] 3.3%| 0.18%| 538
640] 480] 210 533] 500 1] 1.333] 43 | 16.80] 12.60] 427] 320] 8.73] 1.6%| 0.04%| 135
640] 480 210 533| 500] 2| 1.333] 4:3 | 16.80] 12.60 427] 320 17.46] 3.3%| 0.18%| 538
640] 480 52 132] 500 2| 1.333] 43 | 4.16] 3.12] 106] 79| 17.46[13.2%| 2.86%)| 8779
640] 480 52| 132] 500] 1] 1.333] 43 | 4.16] 3.12] 108] 79| 8.73] 6.6%| 0.71%| 2194
640] 480] 320] 813] 500 2| 1.333] 43 | 25.60] 19.20] 650] 488] 17.46] 2.1%| 0.08% 232
800] 600] 11.3] 287] 500] 2| 1.333] 4:3 | 9.04 6.78] 230] 172 17.46] 6.1%] 0.61%| 2905
800] 600 150 381] 500 2| 1.333] 4:3 | 12.00] 9.00] 305 229 17.46] 4.6%| 0.34%| 1648
800] 600] 22.6] 574] 500] 2| 1.333] 4:3 | 18.08] 13.56] 459 344] 17.46] 3.0%| 0.15%| 726
1024] 768] 12.1] 307] 500] 2| 1.333] 43 | 9.68] 7.26] 246] 184] 17.46] 5.7%] 0.53%] 4151
1024 768| 150] 381 500] 2| 1.333] 4:3 | 12.00] 9.00] 305| 229] 17.46] 4.6% | 0.34%] 2701
1024 768] 6.4 163 500 2| 1333 43 | 512 3.84] 130] 98] 17.46/10.7%] 1.89%] 14836
1024] 768| 6.4 163 500 1] 1333 43 | 512| 3.84] 130] 98 8.73| 54%] 0.47%] 3709
1024 768] 21.0] 533 500] 2| 1.333] 4:3 | 16.80] 12.60] 427] 320] 17.46] 3.3%] 0.18%) 1378
1280] 1024] 13.0] 330] 500] 2| 1250 5:4 | 10.15] 8.12] 258] 206] 17.46] 5.3% | 0.45%] 5897
1280] 1024] 25.0] 635 500] 2| 1.250] 5.4 | 1952 15.62] 496] 397] 17.46] 2.7%]| 0.12%] 1595
1280] 1024] 17.0] 432] 500] 2| 1.250] 5.4 | 13.27| 10.62] 337] 270] 17.46] 4.0% | 0.26%] 3449
1280] 1024] 42.0] 1067] 500] 2| 1.250] 5:4 | 32.80] 26.24] 833| 666 17.46] 1.6%| 0.04%]| 565
1280] 1024] 23.0] 584] 500] 1] 1.250] 5:4 | 17.96] 14.37] 456] 365 8.73] 1.5%]| 0.04%| 471
1280] 1024] 230] 584] 500] 2| 1.250] 5.4 | 17.96| 14.37] 456| 365 17.46] 3.0%| 0.14%) 1884
1280] 1024] 60.0] 1524] 500] 2| 1.250] 5.4 | 46.85 37.48] 1190] 952] 17.46] 1.1%]| 0.02%| 277
1920] 1080] 17.0] 432] 500] 2| 1.778] 16:9 | 14.82] 8.33] 376] 212] 17.46] 4.0%]| 0.30%] 6228
1920] 1080| 42.0] 1067] 500] 2| 1.778] 16:9 | 36.61] 20.59] 930| 523] 17.46] 1.6%]| 0.05%| 1020
1920] 1080] 12.0] 305 500] 2| 1.778] 16:9 | 10.46] 5.88] 266| 149] 17.46] 5.7%] 0.60%] 12500
3072] 2240] 135 343] 500 2| 1.371] 11:8 | 10.91] 7.95] 277] 202] 17.46] 5.1%] 0.43%] 29418
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