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1. Scope

1.1 This practice is intended as an aid for improving the accuracy of colorimetric measurements made with tristimulus
colorimeters on visual display units, such as cathode ray tubes (CRTs) and self-luminous flat-panel displays. It explains a useft
step in the analysis of colorimetric data that takes advantage of the fact that light from such displays consists of an additive mixtur

Designation: E 1455 — 9703

Standard Practice for
Obtaining Colorimetric Data from a Visual Display Unit
Using Tristimulus Colorimeters *

This standard is issued under the fixed designation E 1455; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

INTRODUCTION

This practice provides directions for correcting the results obtained with tristimulus colorimeters
when measuring the tristimulus values or chromaticity coordinates of colored displays. Tristimulus
colorimeters approximate the CIE color matching functiong\), y (\), z (\) to make these
measurements. The errors generated in measuring colors on a display may be minimized using this
practice.

of three primary colored lights. However, it is not a complete specification of how such measurements should be made.

1.2 This practice is limited to display devices and colorimetric instruments that meet linearity criteria as defined in the practice.
It is not concerned with effects that might cause measurement bias such as temporal or geometric differences between tt

instrument being optimized and the instrument used for reference.

1.3 This standard does not purport to address all of the safety concerns, if any, associated with its use. It is the responsibility
of the user of this standard to establish appropriate safety and health practices and determine the applicability of regulatory

limitations prior to use.

1 This practice is under the jurisdiction of ASTM Committee E-12 on Color and Appearance and is the direct responsibility of Subcommittee E12.Gfacémbe

Displays.
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2. Referenced Documents

2.1 ASTM Standards?

E 284 Terminology of Appearance

E 1336 Test Method for Obtaining Colorimetric Data from a Video Display Unit by Spectroradiometry

E 1341 Practice for Obtaining Spectroradiometric Data from Radiant Sources for Colorimetry

2.2 ISO/CIE Standard:

CIE Standard Colorimetric Observers, ISO/CIE 10527: 1991 (E) (International Organization for Standardization, Geneva,
1991y

3. Terminology

3.1 Definitions: Unless otherwise stated, definitions of appearance terms in Terminology E 284 are applicable to this practice.

3.2 Definitions of Terms Specific to This Standard:

3.2.1 calibration, n— in reference to a tristimulus colorimetethe process performed outside of this practice to adjust the
tristimulus colorimeter to provide the best possible results for average or predefined conditions.

3.2.2 optimization n— in reference to a tristimulus colorimetethe process performed pursuant to this practice to adjust the
tristimulus colorimeter or to interpret its readings to provide better results when applied to a particular display device.

3.2.3 compatible adj— in reference to a tristimulus colorimetesne so designed as to automate the procedure described in this
practice.

4. Summary of Practice

4.1 Tristimulus colorimeters comprised of three or four detector channels are, in general, not amenable to accurate calibration
that holds for all manner of usage with different illuminated devices and objects. This is because the spectral responsivities of their
detector channels do not exactly match the defined Commission Internationale de L’Eclairage (QIE)(\), zZ (\) functions.

Factory or subsequent calibration reflects judgments and compromises that may not be readily apparent. Nevertheless, this practict
provides guidance on how such a tristimulus colorimeter may be optimized for use with a particular video display device, providing
better accuracy with that device than its more general calibration provides. An optimization matrix transforms the instrumental
(measured) CIK, Y, Zvalues into adjustek, Y, Zvalues that are closer to the ideal. This matrix is determined by reference to

a colorimeter with higher intrinsic accuracy. The method derives from the fact that the color stimulus functions from display
devices are linear combinations of three primary functions and are not entirely arbitrary.

5. Significance and Use

5.1 This practice may be applied when tristimulus colorimeters are used to measure the colors produced on self-luminous video
display devices such as CRTs and flat-panel displays, including electroluminescent (EL) panels, field emission displays (FEDs),
and back-lit liquid crystal displays (LCDs). This practice is not meant to be a complete description of a procedure to measure the
color coordinates of a display. Rather, it provides a method for obtaining more accurate results when certain conditions are met.
It may be used by any person engaged in the measurement of color on display devices who has access to the requisite equipmen

5.2 This practice defines a class of tristimulus colorimeters that may be said to be compatible with this practice.

6. Background of Practice

6.1 Colorimetry.

6.1.1 Color measurement instruments consist, in general, of means to measure radiometric power as transmitted through a
number of bandpass filters. Most commonly, electrical devices are used to measure the filtered light. They may be used with
different filters in succession, or multiple devices may be used concurrently. In instruments called spectroradiometers, the
radiometric power is measured through a large number (typically 30 to 500) of narrowband filters. (Practice E 1341 describes how
a monochromator or polychromator (spectrograph) may be employed to filter and measure light in separate bands on the order of
1-nm wide.) In instruments called tristimulus colorimeters, the radiometric power is measured through three or four wideband
filters. These filters may be constructed from dispersive elements (prisms and gratings) or from materials with selective spectral
transmission or reflection. The latter may be either uniform or comprised of different patches, in a mosaic pattern, that provide the
desired overall effect.

6.1.2 No matter how many filters are used, or in what manner, the goal of the measurement process is to determine tristimulus
valuesX, Y, Z as defined by ISO in its Standard 10527 and the CIE in its publication No(1LB*For light with a color stimulus
function ®(\),

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or contact ASTM Customer Service at service@astrrorgaFBook of ASTM Standards
Vel-86-6%. volume information, refer to the standard’s Document Summary page on the ASTM website.

S Currently available through the U.S. National Committee of the CIE, c/o Mr. Thomas M. Lemons, TLA-Lighting Consultants, Inc., 7 Pond Street, Salem, M
01970-4819. Also included iIASTM Standards on Color and Appearané#th Edition, 1996.

“BThe boldface numbers in parentheses referte-items in the fist of R references at the ene-ef-this practice. standard.
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Z=kK d(N)ZIN)dN (1)

360nm

where:
k is 683 Im/W for emissive devices, such as displays, =aifd), y (\), z (\) are color-matching functions. While the standard
definition of X, Y, Zrequires the use of the CIE 1931 2° color-matching functions, the mathematics described in this practice would
also be applicable to any other set of color-matching functions, such as the CIE 1964 10° functions.

6.1.3 In practice, color measurement instruments comguté Zby the summation of the signals as measured through the
various filters, each signal being multiplied by an appropriate calibration factor. In matrix notation:

F

1
X Cx1 Cx2 Cx3 - - - Cxs F,
Y = Cy1Cy2Cyz...Cyy F.3 2)
Zy Cz21CCp3...Cy F

i

where:
F., Fy, F3, throughF; are the electrical signals from tlidiltered detectors and th€; are calibration coefficientsX ,, Y, Z 1,
have subscripts to indicate that they are measured values rather than ideal ones.

6.1.4 In this practice, we presume that the color measuring instrument is linear: that eachr gignstrictly proportional to
the received optical power, that any zero-offset (background in darkness) is removed, that the proportionality f6r, ssgmai
affected by the value of sign&l,, and in the case of closely packed detectors (such as charge-coupled device (CCD) detector
elements) no signaF, spills over and affects signdt ,, as it approaches saturation. These presumptions are amenable to
experimental verification using methods beyond the scope of this prd2ice

6.1.5 The values of the matrix eleme@smay be determined using criteria that depends on the design and intended application
of the instrument. The full extent of this subject is beyond the scope of this practice. However, in general, for spectroradiometer:
(f ~ 30 to 500),C ; reflects the tabulated value »{\) near the center wavelength of Filjeas well as the spectral responsivity
of the corresponding detector channel. (LikewiSg,; andC; reflecty (\) andz (\), respectively.) For tristimulus colorimeters,
the choice ofC; is discussed further, below. As a general matter, the instrument designer should choose passbands and matr
elements that balance accuracy, sensitivity, and other design requirements.

6.1.6 Tristimulus colorimeters are generally designed with filters that are intended to match the spectral responsivities of theil
detector channels to the CFE(\), y (\), Z (\) functions. For such an instrument,

Xin Cn0 O F,
Y.| = |07 ¢C,o0 F, ©)
Znm 0 0 Cpu Fs

where:

the non-zerdC; matrix elements represent adjustable gains of the detector channels. Howexg )tfignction has two distinct
lobes. This may be dealt with by splitting(\) into Xsne (\) @andX,ng (A), €ach with a separate filteF{ andF ,, respectively).
For such an instrument,

X CCo0 0 F1
Ym = 0 0 Cy0 F2 @)
Znm 0 0 0 Cy F:
Alternatively, thez (\) function may serve the role o, (\) since they have a similar shape,
Xm CXl 0 CX3 Fl
Y| = | 00 C,0 F, (%)
Zn 0 0 Cgu Fs

In all of these cases, it is difficult to realize an exact match between the CIE color-matching functions and the actual spectra
responsivities of the corresponding detector channels. This means that no ch@igevilf provide perfect calibration for all
applications of the instrument. The criteria for setting @emight not be well documented for a particular instrument.

6.1.7 It is generally believed that spectroradiometers, with their many detector channels, may be calibrated to yield superio
measurements oX, Y, Zfor diverse applications. Nevertheless, the relative simplicity of tristimulus colorimeters and their
commensurately lower cost have made them popular where the highest accuracy is not required.

6.2 Self-Luminous Displays

6.2.1 A self-luminous display, such as a CRT, an electroluminescent (EL) panel, a field emission display (FED), or a back-lit
liquid crystal display (LCD) generates colored light by the proportional superposition (addition) of primary coloredligRjs
@y (M), @, (V). The subscripts represent red, green, and blue, the primary colors of an additive set. An arbitrarily colored patch
on the visual display has one and only one color stimulus funchiy),
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®(\) = ad, (\) + bd (\) + cd,(N) (6)

wherea, b, care coefficients that are determined by the display electronics.
6.2.2 The display electronics vasy b, cover the face of the display in order to generate a colored image. For this practice,
we presume that the display electronics may be set to rmagke cuniform (perhaps after averaging nonobvious fine-structure)

over a sufficient area of the display to permit measurements to be made on that area.
6.2.3 Itis a requirement for the applicability of this practice that the display device behaves as stated in Eq 6. This practice does

not represent that any particular display device will act as predicted by Eq 6, though those within the mentioned classes of devices
might do so. The procedure for experimental verification of this property for a specific display device is beyond the scope of this
practice(3).

6.3 Colorimetric Measurement of Displays

6.3.1 Each of the primary color stimulus functiors. (\), @4 (\), @, (\) stimulates responses in theletector channels that
may be represented by a vectolthat is,F,, F, Fp). Given their construction, these vectors are linearly independent. (None of
the three can be expressed as a linear combination of the other two.) MMisilan element of afrdimensional vector space, it
is clear that only a three-dimensional subspace is spanned Wy'shef all possible color stimulus functions following Eq 6.
Further, the mapping of into (X, Y Z.) Space by Eq 2 remains three dimensional. In other words, there is a one-to-one
mapping of the vectorg, b, § onto (X, Y, 2 by application of Eq 1; and, for a particular instrument with a fixed calibration matrix
C, there is also a one-to-one mapping of the vectay i, § onto (X,,, Y Z.). From this we deduce that a matifikexists that
can be used to translat¥,(, Y ., Z,,) values into actualX, Y, 4 values.

6.3.2 A colorimeter that takes advantage of this fact must provide means for implementing theRn@tra¢ is, allf filtered
detector signals should contribute linearly toward the computation of each oXfput,,, Z,,, instead of using different detectors
for each output. This idea was reported as long ago as 1973 by Wghnend it has been expanded upon and rediscovered by
others since the(b-910)

6.3.3 On the basis of this property, a tristimulus colorimeter can be optimized for use on a self-luminous display by the proper
derivation of a matrixR for that display. We proceed on the assumptions that the components are sufficiently stable, and that
similarly built displays have similar enough spectral primaries to make a derivatiemofthwhile. However, these assumptions
should be quantified before accuracy claims are made in any specific situation.

6.3.4 On the basis of this property, a tristimulus colorimeter designed for use with displays need not producE $igalse
close to CIE tristimulus values. Signal/noise may be improved by matching the spectral responsivities of the filtered detectors to
the emission spectra of the primary colors. In such designs, it is especially important to use aRmh#ixs specific to the
particular® , (\), @y (\), D , (A).

7. Optimization

7.1 General

7.1.1 Given the existence of a matiR¢ how is it determined? Experimentally, the problem is one of comparing thexjdata
Z from a reference colorimeter with the dafg, Y ., Z,, from the colorimeter being optimized, for a number of color samples at
different display settings. From these da®ais calculated.

7.1.2 This practice is not directly concerned with the absolute accuracy of the measurements. It concerns the transfer of
calibration from a reference instrument to another instrument, regardless of the absolute accuracy of the reference.

7.2 Noiseless Data

7.2.1 For clarity, we first consider the case in which the measuring instruments are free of noise. We define zeatons

as:
X X
(2] - [3]
where:

each is an element of its corresponding vector space, and both derive from theasdmé éetting on a display. The matrik
maps between them:

n=Rm. (8)
7.2.2 This relationship may be stated for more than one such pairs of vectors (for multiple display settings) at the same time:
N=RM 9)
where:
Xy Xo X5 .o X
N:[Ylvzvg...vi] (10)
122 3 ZI
and
Xmlxmz Xm3 R >(mi
M= le Ym2 Ym3 . Ymi (11)
Zml Zm2 Zm3 B Zmi
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7.2.3 When matricebl andM have exactly three columns, and when their columns are linearly indepeRdeiaty be easily
determined:

R=NM" (12)

The determination of matriR in this case requires the reference values and the test colorimeter measurements of exactly three
distinct colors on the display. In other word®,can be obtained by measurih for each primary color (red, green, blue) of a
display.

7.3 Real-World Transformations of X, Y; Z

7.3.1 In practice, neither measurementsaior rerm are made with perfect accuracy. Noise affects the measurements, the
linearity presumptions in 6.1.4 and 6.2.3 may not be perfectly true, and there may be other unexpected systematic effects that affe
the data—Fh One way to reduce such effects of measure,ment imperfection in applying the matrix correetier-is prudent to determin
R by using more than three color samples and by using statistieal-methods.

-3-2ForagiverRgand-forapair-of-related-andm-vectors:

B I £4 2\
=MV (19)

where:

F\O L\Al + \'4 (14)
where:
obtainingN-is-as-in-E¢-10,

Vi1 VigViz - - 'Vli—|

V= Va1 Vaa Vog. - . Vyi (15)

L V31 V32V33 - - V3]

: [R--may by measurement of eight colors
of a dlsplay (Practlce E 1455 92). Th|s method however was found to be not effective enough to reduce the effect of measuremie
noise. This method was improved-by-inimization applying corrections for the absolute scale of measured tristimulus values fo
each color of the display, based on the first results from applying Practice E 1455-92, and performing another path of calculation,
introducing weights for each color in the minimization proeesgs (Practice E 1455-96). This method improved the performance
significantly from the Practice E 1455-92. However, the calculation process has become considerably complicated. Anothel
method has become available, in which the effect of-the-elements fluctuatiens—ef-V-with respect signals common to all detectc
chaninels is theoretically elimeinat€€). For example, the effects of measurement errors due to display flicker (causing variation

in measured luminance) and instability of display (causing a change of display luminance when reference instrument is measure
and when target instrument is measured) are eliminated. This method requires measurements of four colors of a display—eac
primary color plus white. Th&®= matrix is obtained in such a way that the chromaticity errors are reduced to zero for all the four
colors, and the correction is valid for all other colors. Correction for Y can also be implemented optionally. This method is
theoretically more robust than the-statement earlier ASTM methods for correctien-efeast-seguares-fitting-when applied measure
chromaticity, and shown to perform equal to or better than Practice E 1455-96, white the v measurement and calculation process
are much simpler. This method (commonly called Four-Color method) is described in the sections below.

7.3.2 Principles of the Method-The primary colors (red, green, and blue) and white of a display are measured by a target
instrument (a colorimeter being optimized) and a reference instrument (a calibrated colorimeter or spectroradiometer). From th
chromaticity coordinatex(, g, Yo ), X +tm.a ¥ ma: Xm.e Yme) Of red, green, and blue, measured by the target instrument, the
relative tristimulus value$/, ., g Of the primary collewrs from the target instrument are expressed as:

R—1 [(lw M~ | (16)

Xfel,m,R Xrel,m,G Xrel,m,B—l
Mrel RGB —

relm,R ‘relm,G relmB (l
el,m,R Zrel,m,G rel,m,B

XmR XmG XmB knrO O
= ym,R ym,G ym,B 0 kaO
L Zngp Zng Zup [ |0 O kyg

where:

Kn = Km c Ko g @re the relative factors to relate the measupred chromaticity coordinates to the relative tristimulus values.




Ay E 1455 - 9703

Likewise, from the chromatipcity coordinates, (, TV, r), ( X g, impliesmatrix-transpesition,X), (X.g, ¥, g) Of red, green, and
where-wepresume-that blue measured by-the-statisticaluncertainty-fas-epposed reference instrument, the relative tristimulus values

N,.; rcr Of the primary colors from the reference instrument are expressed as:
Xrel,r,R Xrel,r,G Xrel,r,B_
NreI,RGB = YreI,r,R YreI,r,G YreI,r,B (14)
rel,r,R Zrel,r,G Zrel,r,B
XRr X6 %8 kr0O 0 7]
= yLR yr,G Yr,B 0 kr,G 0
4R 4G 4p 0

where:

Zr=1-X%Xr~Yir
z6=1-Xc Ve
Zg=1—-Xg~ Y
K = K. o, K. g are the relative factors to relate the-measurement-standard-uneertainty) measured chromaticity coordinates to the
relative tristimulus values.
Based on the additivity efall tristimulus values, when the chromaticity coordingigs, 062 Vi ) and (%, Yy w) for white
of the display is measured by the target instrument and the reference instrument, respectively, the following relationships hold:

Xm,w XmR *XmG XmB KR
Ym,W = ym,R ym,G ym,B km,G (15)
L Zow] | ZngZng Zug | [ Kng |

X w %R %G %B KR
Yow | = YR Yre YiB kg (16)
Zw ZRrR 4G 4B K.g

The white color of the display can be of any mtensrty comblnatlon of the three prrmary colors The va}(le,sppfgn o Kn. E
and ¥ﬁg ZK?‘LB are A/ A
resutts—wﬂt—be—a#eeted obtalned by—the—pertrens—ef—R—spaee—ﬂ%at—are—sanﬂﬁed—the most solvrng Eq—l5 and by 16 as:

and

KR XmR Xm,G XmB | 7| Xmw
Kng | =] Ymr Ymc Yms Ymw (17)
| Kng | | ZnrpZncZng | | Znw]|
and
KR XRr %6 Xs | L[ Xw
kr,G = yr,R yr,G yr,B yr,W (18)
K.e ZRrR 4G 4B Zw

By enterlng the—pres&mptron vaIuese#Hen%a#&%%%aH&gh&{&%eﬁ%%e%ee&ehﬂatas&mpl@—Whead%m

LG, KR into Eq 13 and 14M reLrceand N,,aI F,mare determlned then the correctlon matFix,. is obtalned by
IQrﬁl =N rel RGR * Mnal R(‘F;l (19)
If Iumrnance vaIueY is not avarlable or of no mtereSRm. is used to correct the chromaticity coordinates, &Y. —are-rot-known

:Franstermatrens any color eH(—ybaeHeéHFZ-de—net—preserve the—st&trstreal—uneert—&mﬂes—needed for drsplay measured by
the-datafitting.
7—4—4—eateulatren—eﬂ—fer tarqet mstrument In tms—ease—e&nneﬂae—deﬁe—as—eemﬁaeﬂy—as—ﬁ—was—erq—E—HStead—we must

R,,xx R,xv R, Xz
R = R,YX R,YY R,YZ (18)

R R
L "zx™zy™zz ]
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7-4-5-Caleudlation case, the relative tristimulus values of-the-middle row measured eeler-is-much-the-same-as in 7.3. taken a:

Nt A —1ng 9T

(RxRWwRyZ=NrttMy My — Myt {19)

where:
N AVAR VA AVAY FiaYa\Y
Ny — ({11213 LIV {z0)

and
My = [XmJ_XmZXmS' - X = Ym) (21)
xrel,m i Xm
MM g = Yrel,m = Ym (20)
elm_| (1 — Xpn — ym) |

Then the corrected relative tristimulus valuds,., of the measured color is obtained by:

X,’rel,m_
Mg = ;,rel,m = Riei - Mg (21)

relm

The corrected chromaticity coordinate is obtained by:

X’m X’rel,m/ ( >(’rel,m + Y’rel,m +7Z rel,m)
= (22)
| ym | Y,rplm/(X, mlm+ Y’nzlm+ Z,rplm) |

If the luminance values for the four colors ( g, Yo Y me: Ymw) @nd (Y. g, Y. a: Yeg: Y. \n) are also measured by the target
instrument and the reference instrument, respectively, a correction matrix can be obtained for correction of absolute tristimulu:
values. In this case, The matriX, needs only to be scaled by an additional factor.

First, the absolute tristimulus values of the four colors measured by the target instrument are obtained by:

[ Xn.R )
Mg = | YmiYmeYms- - Ym | (asinEq 1D, (23)
| “m1ém24m3 - - - Fmi |
[ Xinr Y XmR —I
MR = Ym,R:| = R . ym,R (23)
Znr Ymr | (1— Xnr~ YmpR) ]
—M
Mg = .....
R
1= Xmi = Ymi
X = Yo 2= Yo b Xori — Yo (22)
Ymi Ymi
Mg = .....
7.4.6-1tis-useful-to-compute
\\'”l \I/r2 \1113 — \'”i} — er 7% R’YY R’YZ) MY' (23)
My = .....
where:
Y¥—are

Then, the-best-fitluminances ratios-ef-the-sample-displtay-settings.
r-seme-circumstanees-tis-betterto-U8eatherthan values measured by the reference instrument whleles-in-eomputing

values measured by the-remaining-elements of target instrument and corre®edrby-example+iR ., matrix are obtained by:

Kym o VR (24)
RTP| 2° MR

Ko=....

K = .....

Ky = .....

where'

R 218 the-preeess second row—ef—eempﬂt)ﬂgiRre matnx The—#em%(ﬁ%zfan—msﬁ&meﬁﬁedﬂees—m&e#eet&eﬁéwayfhcker
m—H&e—d&ta—usl matrix for correction of

aspeet (and absolute tristimulus values) is then obtained by:

Kr + Kg + Kg + K
(Kg G 7 B W)'Rrel (25)

R=

When any color of the display-is~varying-stowly-in-time-oractually-varies-based on measured with-the-display-setting, then it
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may—be—beﬁeﬁe—us%ﬁheﬁha%valﬂes—wefdeﬁe—make tarqet instrument-the-bestcomparisons-betweenindividualreadings
O eetions measured absolute tristimulus values-are-witten with

F&quHha@Fbethﬂferieﬂs—eHWefmtﬂae—shetﬂd—be—eeﬁsidered.
47 With-statistical-weighting, obtained by:

X Yo X X
N (Y1Y1Y2y2Y3y3 Y'yi\ (543
N o Ox Oxz 0y / N
and
25—MX=XmloX1l Xm2agX2 Xm3o X3 ... XmiocXiYmloX1l Ym2o X2 Ym3aX3. .. YmioXi Zmlo X1 Zm2oX2 Zm3c X3 .. .Z mio
. ] - . o s . o i i o nents
o 0 tyto 0 0-00% Ri i isien-isimited by the
d i e 0 clard i it i hre-statistical
: 2 2
o= S (X () 1 (SN (26)
Yi VA \Yi/ \Ti/

(25) MX=(26) M =XmYmZm

Yy ments
0-001 i isien-isimited by the
dard j HAt i hre—statistical

Ny (= (A—Y)z + (Y,A\z, (26)

(R Ry R =NtV civ = 27)
v Ay B2y B oy 4
1 2 3 iy
N, — Yi Y2 y3. y Yi (28)
\ Vz1 Uz2 U7Z3 vzi /7
and
[ lemZ _'m3 ﬁ
T71 Oz 073 Oz
07107075 Y.
Xt Xz X Xei | Y, Xm
M, = U_m_mz_mS_m' = m_ Yin (29)
[ Oz 072023 O'Zi_ Ym [(1—xp =V |
The corrected tristimulus values are obtained by:
) Z
M’=[xmi0'iTml= R-M (27)
X’m'l
M'=[Yr’m =R-M (27)
L<m]
The corrected chromaticity coordinate is obtained by:
2g; , .
where:
A Az\? Ay\2 AY)\?
Z<_:I._X_V0'i_Y’Z1 /(_\_,’_(_y\_,’_(\”\, (30)
YN E T Oy
(28) xXmym=Xm/Xm+Ym+ZmYm/Xm+Ym+Zm
where:
A Az\2 Ay\2 AY)\?2
Za=1_xi_\/i,0'i=Y,i5 /(_\'f‘(_y\‘i‘(\n\, (30)
YV 4/ \JYi/ N
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(R Rz Rz =Nz ttMz My =Mzt (31)
8. Application

8.1 Manual-OptimizationOptimization

8.1.1 The optimization-of using this method requires—a-tristimulus target instrument (a colorimeterreguiresknrowing the true
ClHetristimutus—vataes being optimized) and a reference colorimeter that measure chromaticity coorsigiasesl{ optionally,
luminanceX;—Y2ZY. A correctlon matrlaeef—at—ieas{—seveﬁ—eelarsr Rm. is obtained by this method that can-be-presented on
correct the-h v ineary-independen ecommended results measured by the target instrument int

the results that—t-hese—ee’:ors Would be measured by—ehe—bﬁgmest—red—gfeeﬁ—b{ﬂe—yeﬂew—eyan—magenfa—aﬁd white that referen
instrument. The accuracy of the-display-rermally-produces—Theirtristimulus-values corrected results, therefore, depends on th

accuracy of measurement by the reference instrument. The reference colorimeter-mustbe-determined by a well-trusted instrume
such as a spectroradiometer being used according to Test Method E 1336, or a tristimulus colorimeter with a much closer matct
to the CIEX (), y Q\), z (\) functions than the colorimeter being-eptimized—Fhese-values-are-entered-inte-matrix-Nfellewing Eq
10-

812 Measurements—are—made—of-these—colors—with _the optimized, or a tristimulus colerimeter b whose relative spectra
respongsivity is known and spectral mismatch correctizon is applied.

8.1.2 The calibration needs to-be v done using the same type of displuay that is measured by the target colorimeter, in orde
for this method to be effective. The reduction of errors will not be effective if the optimizatrixon is done using one type of display

and the and the obtaine®#,feltewingEe-12.

813 MatrixR- or R, matrix is-computed;—following-Eeg-16.

8-14fenly used for measurement of other types of disptay—410) data-are-avaitableratherthan>X-Ys2Z-datathen. If
the-anategous-steps-in—74-are-follewee-nstead.

8-1-5-Subsequentmeasurementsimade-by-the-same-tristimulus target colerimeter on is to measure multiple types of displays (1
example, CRT, LCD, etc.), the-same-display-are-converted-using-Eg-8; Whes®r R, matrix must be obtained for each type

of display. The display used for optimization using this method must produce each primary color (red, green, blue) and white. The
intensity of each color can be independent with each other, but needs to be stable during each measurement session when the ¢
is measured by both the target instrument and the reference instrument.

8.1.3 Measurements of chromaticity coordinates (and luminshaee made of the four colors with the target colorimeter and
the reference instrument. These values are entered into Eq 17 and 18 tokobtaik, , K, r andk, g, k., k. g and then to
calculate matrixR,, in Eq 19. If there are no luminanc®)(data, optimization is complete.

8.1.4 If there are luminancer) data, these are entered into Eq 23 and 24 to calculate niatfikeresultanh-vectoris-taken
as-the-optimized{adjusted)result-of-the-measurement. in Eq 25.

8.2 AManual Data Correctior-Subsequent measurements made by the same tristimtus ¢ Oolorimeter on the same display are
corrected using Eq 20-22 when there is no lumiznance data, or using Eq 26-28 when luminance data are included.

8.3 Automatic Data correction

8.23.1 Alltristimulus colorimeters have, in some form, an internal calibration m@ttrat relates detector signals to tristimulus
values, as described in Eq @.may be required to reduce the dimensionality of the instrument fram3.

8.23.2 Atristimulus colorimeter may, by design, incorporate a provision to transform a tentative determintjof) @fthat
is, Xm» Y Zy) 10 @ more accurate determinationXfY, Zby the application of Eq 8. Such a colorimeter contains, in some form,
an embodiment of matriR. This matrix is distinguished from th€ matrices shown in Eq 3-5 by the fact that it contains, in
general, no zero elements. That is, all three inputs contribute to the determination of all three tristimulus values, with nine degree
of calibration freedomE€C and -anrdR may be implemented jointly.

8.23.3 Atristimulus colorimeter may be described as compatible with this standard practice if and-gn(iL)fit(includes an
implementation of matri>R or R, and-} (2) the user of the colorimeter has means to set the RRer R, matrix elements
to allow contmued automanc appllcat|on of Eq 8.A com@ftlble coIOHmether may also provide means to cBfypateix-has
omptite groRR allowing the user to enter the true
)@Fz—e#—at—leas{—seven (x y) or (x Y, Y) of each prlmary eebesamples and white of a display. These implementations may b
either locally dedicated to the colorimeter or installed in a computer interfaced to the colorimeter.

9. Precision and Bias

9.1 The typical precision and bias of tristimulus value measurements made using this practice have yet to be determinec
However, it is expected that the limits of precision and the origins of bias in such measurements will arise from causes outsid
of the scope of this practice, such as those discussed as follows:

9.1.1 This practice transfers the calibration from a well-trusted spectroradiometer or a colorimeter to another instrument, ¢
tristimulus colorimeter. No matter how well the transfer is made, the bias of the final measurements will reflect the precision and
bias of the reference device.

9.1.2 This practice is limited to discussion of the spectral characteristics of the instruments and does not consider any biase
that might arise from the geometry of collection of radiant flux by either the tristimulus colorimeter or the reference device. For
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must be taken when such a display—ceuld-not be is used to transfer calibration between instruments with different numerical
apertures. Also, displays exhibit spatial nonuniformities in their radiance. The inability of dissimilar instruments to measure the
same area of a display can also limit the accuracy of this technique.

9.1.3 TWhile this practice-deesnot-econsider relives the effect of the temporal response characteristies of either-the-tristimulus
target colorimeter or the reference deviee. T (for example, against flicker of displays), the user is reminded-thatmany types of
disptays-are-seannee—and the correction of luminance values (using Eq 27) is still liable to measurement errors due to display
flicker-may-tmpart-a-bias, and instability, particularly if the colorimeter and the referenee-device instrument are dissimilar.

9.1.4 This practice presumes linear instrumental and display behavior, as described in 6.1.4 and 6.2.3. The measurements may
be biased if these presumptions are incorrect.

9.1.5 This practice does not consider biases that might arise due to the environment in which it is performed. Specifically,
ambient light may affect the measurements if they are not made in a dark room. Changes in ambient temperature may affect the
performance of either the tristimulus colorimeter or the reference device.

9.1.6 The selection of the filter passbands (6.1.1) and the selection @f thatrix elements wheh> 3 (6.1.3-6.1.6) are topics

] beyond the scope of this practice—Hewever—these These choices affect the precision of the technique by emphasizing or
deemphasizing statistically significant differences between the detector channel signals that correlate to the differences in the
tristimulus values of the light source. However, effects such as bandpass and wavelengh errors of a spectroradiometer contribute
to distorted color matching functions when tristimulus values are calculated from the spectral data, in which case, this ASTM
method is effective, often for array-type spectroradiometers.

9.2 This practice is intended to help minimize the errors in the determination -ef-the-tristimulus-MalfeZ chromaticity
coordlnates 6( y) or (U, v'). No representatlon is made that th|s pract|ce minimizes errors in the determination-ef-chromaticity

y v y Yi-Z-absolute tristimulus values.

I example, the spectral radiance of an active matrix liquid crystaHAMLCD) display is (AMLCD) can be highly directional. S Care

10. Keywords
I 10.1 calibration (tristimulus colorimeters); cathode ray tubes (CRTS); chromatieity:—ClE-€olor-seate-system;—CHE-tristimulus

valtes;-eelor; choromaticity coordinates; colorimetry; data analysis; flat-panel displays; instrumental measurement (color/light);
liquid crystal displays (LCDs); luminance; matrix transformation; self-luminous displays; tristimulus colorimeters; tristimulus
values; visual/video display units (VDUS)

APPENDIX
(Nonmandatory Information)

X1. NUMERICAL EXAMPLE

X1.1 Anumerical example-efthe-optimizationprecedure is given here for the case inwhich the chromaticity coerdirates (rather
than-the-tristimulus—values)-are-known.

X12—A-CRT-s-made-to-display-eight-elementary and luminance of 10 celers{mere-than-the-minimum-regquired number of
seven)—Each-color is a CRT display were meastred-by-two-cotorimeters, with a target instrument (a tristimulus colorimeter) and

a reference instrument (a spectroradiometer), and-the-instrument-being-optimized-{the-target—The-data are given optimization
procedure described in this ASTM standard practice was applied. Table X1.1.

)G]r?;#he—re#efenee—}bmﬂrmaﬁee%valﬂes—a%e—awrged in shows+he—fe1=m—ef—a—B—N—ma%H9has—m—Eq—294%e—tafget—data

eemeu%ed—m%@l—S measurements and the correctlons for Iumlr?&;ﬁ;e&‘—m—%eempu%ed—mﬁ The—tep—rew—ef—the obtamed

RR-matrix(Eeg-18)-Hs-computed-using-Ee-27.
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each-of the-eight-samples:-an-tncertainty -is-computed-tsing-£6-30-This-comptitation-parafiels-that-in-X1.5.

X1 8—MatricesN-(Eg-28) matrix andv R
row-of-the-R matrlx—éEq—]:B)—rs—eempu{ed—bﬁﬁg—Eq—Sl
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TABLE X1.1 EResults for Measuremient ancd=Corre actiond of Chromaticity Coordinates of Eight-Sampte Cotors (X, y)

|

Elementary Reference Inst. Target Inst ¥-Original Corrected Target Inst. Residual Error
—CRT — — Errors EEE—
Color ¥x )4 X Yy A¥x Ay X Y Ax Ay
Full White 0.3232 0.3395 0.322 0.347 -0.0012 0.0075 0.3232 0.3395 0.0000 0.0000
Red 0.6300 0.3354 0.632 0.335 0.0020 -0.0004 0.6300 0.3354 0.0000 0.0000
Green 0.3109 0.5927 0.306 0.592 -0.0049 -0.0007 0.3109 0.5927 0.0000 0.0000
Blue 0.1503 0.0633 0.144 0.061 -0.0063 -0.0023 0.1503 0.0633 0.0000 0.0000
Cyan 0.2344 0.3410 0.232 0.352 -0.0024 0.0110 0.2341 0.3422 -0.0003 0.0012
Magenta 0.3277 0.1629 0.330 0.165 0.0023 0.0021 0.3281 0.1637 0.0004 0.0008
Yellow 0.4256 0.5025 0.420 0.504 -0.0056 0.0015 0.4255 0.5023 -0.0002 -0.0002
Color 8 0.3735 0.3406 0.373 0.347 -0.0005 0.0064 0.3738 0.3408 0.0003 0.0002
Color 9 0.3207 0.4069 0.318 0.415 -0.0027 0.0081 0.3204 0.4078 -0.0004 0.0009
Color 10 _0.2817 0.2740 0.280 0.281 -0.0017 0.0070 0.2810 0.2735 -0.0007 -0.0005
RMS 0.0035 0.0059 0.0003 0.0006

TABLE X1.2 AppResulicatis for Measuremen of Optimizamnd Correction Transforftum to Rimaw Datance — Y

1
Ta Colorget Optimized-Target
CReferenee ¥ *Ref. yTest ¥Original *w
Inst. Y Inst. Y Error Test yRe
- - - Inst.

teetm2) ¥ * k m_)zz %}

cd/m? (cd/m?) (%) (cdim?) %
Full 163.43 164.0 04 162.99 _-0.256
White
Red 36.01 358

+#.70 0.551 0.404 16.556

176 -1.1 36.22 06
Green 120.46 123.0 2.1 120.22 -0.2
Blue 11.93 10.8 -95 11.91 _-0.576
Cyan 130.53 133.0 19 131.30 _ 0245
Magenta 46.41 45.4 2.2 47.09 185
Yellow 151.11 155.0 26 152.92 8356
Color 8 104.28 105.0 07 104.72 0.432:18
Color 9 142.07 145.0 2.1 143.17 0.85
Color 94.00 94.9 _10 94.83 0.9%
10

RMS 3.4 0.450

I X9 in this-example,
e s

xample are

11
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10536  0.0007 0.008
I R _ [0.0144 1.0519 0.01333 (X1.1)

LU UUGT —UUUGU T.USo 0

0.0290  0.9463 0.005
0.0171 —0.0305 1.0343

~
>
H
ik

N

1.0059 —0.0181 0.016
R rel

and

0.0294  0.9612 0.005

|'1 .0218 —0.0183 0.0172%
0 0173 0.0310 1.0505
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