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OVERVIEW

Recently there has been a large increase in the use of
color visual displays. Displays having color coding or
presenting information in a polychromatic format have been
used in conjunction with, for example, head-up-displays,
airborne weather radar, medical imagery, and various types
of situation displays. The proliferation of these displays
has preceded our ability to specify how color contrast is
perceived by the human operator and how different levels of
color contrast affect operator performance. As indicated by
Snyder (1980), there is a large amount of data on color dis~
crimination at threshold, but there is very little informa-
tion on the perception of color contrast for suprathreshold
color differences. Such suprathreshold color differences
are present in a broad range of real-world tasks.

To form a metric of color contrast which applies to
suprathreshold color differences, one must have data on how
contrast achieved by varying 1luminance and how contrast
achieved by varying chrominance combine to produce color
contrast. These data may be obtained from experiments in
which subjects scale the contrast between stimuli which vary
in luminance and chrominance. The display system used in

such an experiment must be capable of presenting a broad
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range of colors. The tolerances for the chromaticity of the
stimuli must be quite small since the literature on color
difference thresholds indicates that very small color dif-
ferences are detectable.

Once a metric of color contrast has been formed it should
be validated. As an example of a validation experiment, the
effect of various levels of color contrast on search times
for color coded symbols could be studied. Such an experi-
ment would provide a useful assessment of predictive valid-
ity as well as provide data useful to display designers.

To perform these experiments, the display system must be
capable of presenting a broad range of chromatic stimuli. A
color digital image processing system allows an investigator
to select stimuli of varying color coordinates and varying
geometric configurations. The advantage of using a digital
processing system as a research tool is that a broad range
of stimuli, similar to those encountered in real-world non-
laboratory tasks, can be presented. With the flexibility of
the digital image system, meaningful simulation experiments
can be performed to validate the utility of concepts and
models obtained from basic research.

This document provides an approach to developing the
capability of displaying colors of known chromaticity using
a color digital image processing system. The development of
this capability involves characterizing the transfer func-

tion of the entire system by measuring the relationship
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between bits set in the digital image processing system and

the resulting displayed luminance and chrominance.

To obtain the transfer function of the digital image sys-
tem, one must be able to: (1) accurately measure the spec-
troradiometric output of the display system, and (2) charac-
terize the output of the display system in terms of CIE
tristimulus values. This report covers the major design
considerations for developing the measurement techniques and
developing the software needed to be able to display colors
of known chromaticity coordinates. It also describes the.
major considerations involved in placing spectroradiometric
measurement under computer control and presents the major
defining equatiqns used in reducing the spectroradiometric
data to CIE coordinates. Automation of spectroradiometric
measurement is almost a necessity given the large number of
measurements needed to obtain the transfer function of a
color display system.

The data obtained from the display system characteriza-
tion are used as input to a set of color mixing equations
which specify how the input bit values change the outputs of
the red, green, and blue electron guns of the color display
and how these outputs combine to form a particular color.
This report presents the general form of the color mixing

equations and describes how the equations are used, in soft-

ware, to display specific colors on command.




Equipment Description

In this section of the report, a description of the
equipment used by the present investigators is given. This
description is given to acquaint the reader with this type
of digital image processing and spectroradiometric measure-
ment system. The equipment description is not intended to
be proscriptive. The measurement techniques and software
design considerations described in this report may be used
with other equipment. Almost any digital image processing
system and spectroradiometric measurement system will have a
large number of components very similar to those described
in this report.

Digital image system. Figure 1 shows a simplied block

diagram of the International Imaging Systems digital image
generator and color television display. The system has
other features; however, the block diagram shows the compo-
nents relevant to our research. Essentially, the picture is
defined in the three refresh memories, or image planes, each
of which is associated with either the red, the green, or
the blue electron guns of the color television. Each image
plane is a 512 x 512 element array with 8 bits of depth per
element. The elements of the image planes contain indices
to positions in the next components of the system--the
look-up tables (LUTs).

The LUTs are 256 x 9-bit memories, each of which is asso-

ciated with image plane. The elements of the LUTs contain
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Figure 1: Simplified block diagram of the color digital
image system.

indices to positions in the next component of the system,
the output function memories (OFMs). The OFMs, which are
1023 x 10 bit memories, generate the data streams which are
converted through digital-to-analog converters (DACs) to a
video signal.

The versatility of the digital image display system stems
from the ability to divide a displayed image into fields and
from the ability to specify the color of each field. A
field is an area(s) of the display composed of picture ele-
ments (pixels) which are to have the same luminance and
chrominance. A field may be as small as one pixel or as
large as the entire screen. Fields may also be disjoint

areas.
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The geometric configuration of the display is stored in
the image planes. Each element of each image plane corre-
sponds to a pixel. Pixels which are part of the same field
have the same values stored in each of the corressponding
elements of the image planes.

The chrominance of the display is controlled by the val-
ues stored in the LUTs and OFMs. The chrominance of a field
may be changed by changing the values stored in the LUTs
and/or OFMs associated with the red, green, and blue elec-
tron guns. Each of the OFMs contains bit values which are
converted into voltages which drive each of the associated
electron guns.

The range of colors that can be presented by the display‘
system is determined by the CIE chromaticity coordinates of
the red, green, and blue phosphors of the color television
monitor. The monitor used in the present research is a Con-
rac Model 5411 and the chromaticity coordinates of the phos-
phors are shown at the verticies of the triangle in Figure
2. By varying the output of the red, green, and blue elec-
tron guns any color with chromaticity coordinates inside the

triangle shown in Figure 2 can be displayed.

Spectroradiometric measurement system. Figure 3 contains

a simplified block diagram of the radiometric system used to
measure the spectroradiometric output of the display. The
system consists of a probe, a fiber optic cable, a monochro-

mator (Gamma Scientific Model NM-S5H), a photomultiplier tube
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Figure 2: CIE coordinates of the red, green, and blue

phosphors.

(Gamma Scientific Model 467-468), a monochromator scanning
controller (Gamma Scientific Model S.-1), and a digital
radiometer (Gamma Scientific Model DR-2). A standard spec-
tral radiance source (Gamma Scientific Model RS-10) is also
required for calibration of the measurement system. Func-
tionally, the probe collects the light emitted by the dis-
play. The fiber optic cable transmits the emitted light to
the monochromator. The monochromator takes the incoming
light and displaces it according to wavelength. The scan-
ning contoller selects a narrow portion of the wavelength
band to be sent to the photomultiplier tube. The photomul-
tiplier tube is the sensing element of the system which
transforms photons into electrons. The potential generated

by this transformation is measured by the digital radiom-




Figure 3:

eter, and output as a voltage.

The PDP 11/55 computer
controls the wavelength sampled by the monochromator and

records the output voltage of the radiometer.
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A simplified block diagram of the radiometric
measurement system
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MEASUREMENT SYSTEM SOFTWARE

The first step in being able to display colors on command
involves finding the relationship between intensity bits set
in the digital image processing system and the luminance and
chrominance output of the color television monitor. Specif-
ically, the luminance and chrominance output of the red,
green, and blue guns can be assessed separately and the
color coordinates of displayed colors are obtained from
Grassman's color mixing equations which state that the
resulting tristimulus value of two or more superimposed
sources is the sum of the tristimulus values for each super-
imposed source. This relationship is shown in the following

equations:

K
X = 2 X, (1)

=1

=]

K
Y= > Y, and (2)

K
z= > 1z, (3)




where X, Y, and Z are the resultant tristimulus values, and

YA are the tristimulus values of the individual

X Yn' n

nl

superimposed sources. In the present context, X S and

n'
Zn are the tristimulus values of the red, green, and blue
phosphors of the color television monitor.

To take full advantage of Grassman's equations the lumi-
nance and chrominance output of the display system has to be
measured over its range of operation and these measurements
must be quite accurate. This entails making a large number
of measurements within known accuracy limits.

The task of measuring the output of a display can be sub-
divided by function. Photometric quantities of interest,
such as tristimulus values, are obtained by first measuring
the displayed radiance across the visible portion of the
spectrum (300 nm to 800 nm) and then convolving this spec-
tral density function with CIE color matching functions.
Functionally, the radiometric system must be calibrated and
the scanning monochromator stepped through the range of
wavelengths while radiometric data are collected. The radi-
ance measures are output to a storage medium. These radi-
ance measures are subsequently reduced to the photometric

quantities of interest.

Acquisition of Radiometric Data

Due to the large number of measurements made in charac-

terizing a display, several programs were written to give
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the laboratory the capability of automatically collecting

radiometric measurements at specified wavelengths and stor-
ing these data on disk files.

As indicated in Figure 3, a Digital Equipment Corpora-
tion (DEC) PDP 11/55 computer and LPS-11 peripheral system
were used to automate the collection of radiometric data.
The LPS-11 system features used included a 12-bit 32-channel
analog-to-digital (A/D) subsystem and a 16-bit parallel
digital I/O subsystem. The controlling software was written
in RT-11 Fortran (version 3-B) and used DEC supplied periph-
eral controlling subprograms (LPSLIB).

In the following sections the general design considera-
tions for placing a radiometric measurement system under
computer control are discussed. The discussion remains at a
general level because, while the specifics of software
developed for different measurement systems are likely to be
different, the general approach and measurement considera-
tions should remain valid across different measurement sys-
tems.

Calibration. The output of a radiometer will vary both

in gain and in offset. In addition, there is a considerable
amount of noise in measurements made with a photomultiplier
tube. Hence, there is a need for frequent recalibration.
Calibration is achieved by taking scans of a standard
source and recording the output of the radiometer at desired

wavelengths using data collection software described below.

e S




Scale factors are calculated from the output of the radiom-
eter and the known radiance output of the standard source.
The known radiances are taken from a calibration report of
the standard source, and are read in from a disk file. The
calculated scale factors are written into a disk file and’
are used whenever a scan is made to scale the output of the
radiometer. The scale factors are obtained from:
SF(X) = R(}) / O+ (4)

where

SF(X)

a scale factor at wavelength A,

R(A) the radiance obtained from the calibration report
at wavelength A, and,
Op = the output of the radiometer as converted

by the LPS-11 A/D.

Scanning. Software was written to control the movement

of the scanning monochYomator. The program accepts as input

the wavelength at which data are to be sampled. The program
samples the wavelength output of the scanning monochromator 4
controller through an A/D channel. The wavelength output of

the scanning monochromator contoller indicates the wave- !
length at which radiance is being measured. Several samples
of the scanning monochromator wavelength output are taken,
averaged together, and compared with the desired wavelength.
If the monochromator head is not at the desired wavelength, 3
within an empirically determined error band, then a signal

is sent through a digital I/0 channel of the computer to the
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monochromator controller to change the wavelength. This
process is repeated until the monochromator head is at the
desired wavelength.

Radiometric data collection. After the system has been

calibrated, it is ready to collect radiometric scan data.
The program controlling data collection accepts as input the
starting wavelength, the ending wavelength, and the wave-
length increment size for the scan(s) to be made. The posi-
tioning of the monochromator head at specific wavelengths is
controlled by software similar to that described above.

The output of the radiometer is sampled once every milli-
second. The program accepts as input the number of samples,
expressed as time, that are to be averaged together per daata
point at each wavelength. This averaging reduces, to some
extent, the effect of the photomultipier tube noise and
increases the repeatability and accuracy of measurement.
Empirical studies were performed to determine the optimal
sampling time for our particular measurement system, the
details of which are discussed in a later section.

The output of the radiometric data collection software is
a disk file containing the measured radiances and their
associated wavelengths. Software was written which permits
the disk files containing wavelength and radiance to be

printed, or plotted as radiance versus wavelength.




Analysis of Radiometric Data

The analysis of radiometric data consists primarily of
calculating photometric quantities of interest. The most
often used quantities are luminance and the x,y CIE chroma-

ticity coordinates. These quantities are obtained from

x|

X A =800 A
v | = > 7x P (5)
yA A =300 EA

where

X, ¥, and Z are tristimulus values,

;A' §X' EA are vectors containing the CIE color
matching functions,

P, is a vector of radiances, and,

A
Ax is the wavelength increment of the scan.
The Y tristimulus value is luminance, and the CIE color

coordinates are obtained from,

X = X/(X +Y + 2),
y = Y/(X +Y + 2) and (6)
z = Z/(X + Y + 2).

There are two sets of matching functions available. The
1931 CIE color matching functions are generally used for
calculating the chromaticity of stimuli subtending less than
4 arcdegrees. The CIE 1964 data are based on matches to 10
arcdegree stimuli and are used for calculating the chroma-
ticity coordinates of stimuli which subtend more than 4 arc

degrees (Wysecki and Stiles, 1967, chapter 3). The 1931

- 14 -
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color matching functions are given at 5 nm increments and

require interpolation for finer measurements.

Measurement Considerations

There are features of radiometric data collection which
should be fixed before measurements are made. First, the
wavelength error band for the scanning program must be cho-
sen so that the greatest accuracy of monochromator head
Placement is obtained. This is achieved by choosing the
smallest error band before hunting occurs. Hunting occurs
when the placement accuracy requested cannot be achieved and
the rlacement is always outside the error band.

To minimize the effect of photomultiplier tube noise,
radiance measures at a designated wavelength are taken
repeatedly and averaged. As mentioned previously, the num-
ber of samples was chosen empirically. Measurements of the
radiometer output were made every millisecond and averaged
over the chosen time interval. A sampling interval of 100
ms was chosen. Shorter times resulted in larger errors in
the calculated color coordinates of a standard source,
Longer intervals did not yield appreciable decreases in the
error of calculated standard source coordinates.

The final parameter to be fixed was the number of scans
needed to estimate the mean luminance and radiance to within
3% of the true mean and at a 95% confidence level or better.

A sample size of five scans was chosen using the sample size

YRS
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estimation technique described by Seeberger and Wierwille
(1476).




DISPLAY SYSTEM SOFTWARE

System Characterization

Once the appropriate measurement techniques and software
have been developed one can proceed with characterizing the
chrominance and luminance output of the display. To achieve
the capability of presenting stimuli of known chrominance
and luminance, the relationship between intensity bits set
in the digital image system and the resulting displayed
luminance and chrominance must be established.

Figure 4 shows the nonlinear relationship between dis-
played luminance and intensity bit values output from the
OFMs (refer to Figure 1) for each of the red, green, and
blue electron guns for the display system used by the pres-
ent investigators. This nonlinear relationship is typical
of most television displays, and reflects the nonlinear
relationship between the amplitude of the video signal and
the luminance output of the display. The figure shows that
the luminance ranges of the red and blue guns are smaller
than the luminance range of the green gun. Quadratic models
fit the luminance-intensity bit data quite well (for the red

dgun, r2 = 0.996; green gun, r2 = 0.996; blue gun, t2 =

0.991).
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Figure 4: Luminance-intensity bit relationship.

Although the quadratic model fit is quite good, the mod-
els were too inaccurate to be of use in characterizing the

display systems. The models, of the form

L = aB?,

where

L luminance output,

a constant, and

B the intensity bit value,
predicted luminances lower than the measured luminances at
high intensity bit values and predicted luminances higher

than the measured luminances at small intensity bit values.
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The characterization and modeling of the luminance and

chrominance output of the digital image system can be sim-
plified greatly if the luminance output of the system can be
linearized. Linearization of the luminance output was
achieved by measuring the luminance output of each electron
gun at 16 equally spaced intervals over the range of OFM
intensity bit settings (0-1023). Luminances between the 16
measured values were obtained by linear interpolation. A
table was constructed which maps a 0-to-255 bit value linear
scale into the 0-to-1023 OFM values such that the relation-
ship between bits and luminance is linear.

Figure 5 shows the results of constructing a linear bit
value-luminance scale. A further advantage of constructing
a linear bit-value-luminance scale is that the CIE tristimu-
lus values, X, Y, and Z (luminance is the Y tristimulus
value), are linearly related to values of t:ne 0-255 linear
bit luminance scale,

The next step in characterizing the display system con-
sisted of determining the CIE tristimulus values for each of
the red, blue, and green electron guns. Using the 0-255
linear bit-luminance scale, the tristimulus values were cal-
culated from spectroradiometric data obtained at 16 equally
spaced luminance values for each of the three guns. The
tristimulus values between the 16 measured tristimulus val-

ues were obtained by linear interpolation. The result is

three disk files, one for each gun, containing 768 (3 x 256)
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Figure 5: Linearized 0-255 bit scale.

tristimulus values (X, Y, and Z), each set of three tristim-
ulus values corresponding to an intensity bit value,

The resulting displayed tristimulus values may, as a con-
sequence of the above, be calculated using a system of lin-
ear equations, the development of which is presented in
Appendix A. The equations are formed using the color mixing
equations presented earlier and the slopes of the lines
relating intensity bits to tristimulus values for each of
the three guns. As indicated in Appendix A, CIE chroma-
ticity coordinates can be obtained from a system of linear

equations relating intensity bits and chromaticity coordi-

nates,
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Disglax Softwagg

Having characterized the display, the next task entails
developing software to control the geometric configuration
of the display as well as the displayed luminance and chro-
minance. The geometric configuration is obtained by using a
subroutine which permits the user to specify the geometry of
the desired fields. The program simply loads values into
each of the 512 x 512 elements of each of the image planes.
Pixels which are part of the same field have the same values
loaded into the corresponding elements of the image plane.
As indicated previously, the values stored in the image
planes are indicies to the next component of the system, the
LUTs. The values loaded into the elements of the LUTs are
intensity bit values from the 0-255 bit linear luminance
scales. The OFMs are loaded with the values from the 0-1023
bit scale which yield equal increments in luminance.

The values which are loaded in the LUTs are found by a
subroutine which uses the tristimulus values obtained during
the characterization of the display system and permits the
user to specify the x,y CIE coordinates and the luminance of
a desired stimulus. The subroutine searches for and returns
bit values for the red, green, and blue guns. The midpoint
of the search is obtained from a system of simultaneous lin-
ear equations based on the additivity of tristimulus values,
with the result that the tristimulus values associated with

each gun are approximately a linear function of the 0-255
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linear intensity scale and the defining equations for chro-
maticity coordinates. The development of the equations is
given in Appendix A.

All possible combinations of bit values within plus or
minus 20 of the midpoint of the search are used to calculate
chromaticity coordinates. The CIE chromaticity coordinates
are calculated from the bit value-tristimulus value tables
built for each gun during the system characterization. The
search is necessary because the tristimulus values of the
guns are only approximately proportional to the number of
intensity bits set. The bit value combination which is
within one just-noticeable-difference of the requested x and
y chromaticity coordinates and which is closest to the
desired x,y and luminance is returned. The just-noticeable-
difference equations are presented in Appendix B.

In addition to the above, selected fields may be used as
variable fields. A variable field's chromaticity coordi-
nates and/or luminance may be varied by using a trackball.
The trackball position is used to obtain intensity bit val-
ues stored on a disk file, which are loaded into the appro-
priate locations in the LUTs. The stored intensity bit val-
ues were found using the software described above.

Figure 6 shows, by way of example, a schematic represent-
ation of a stimulus developed for research into the percep-
tion of color contrast. The figure shows that the display

is divided into five fields. The field FS is a black back-




ground, and hence an intensity bit value of zero was used
for each gun. Fl and F, are variable fields. Disk data
files were built from bit values for colors of constant
chrominance and varying luminance. As the subject moved the

trackball, the returned trackball position was used to index

the elements of the disk file to be read into the lookup

tables. F3 and F, are fields which were of the same (x,y,2)

CIE chromaticity coordinates throughout the presentation.

Figure 6: Schematic representation of a stimulus. j

Display Stability

It is important to note that the correlation between com-
manded chrominance and displayed chrominance depends heavily

on the stability of the display system. For example, if the
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AN
gain of the circuitry driving the electron guns varies

greatly over time, the correlation between commanded and
displayed chrominance may be low at any given time. In
applications where the luminance and chrominance of the dis-
play must be tightly controlled, it is necessary to periodi-
cally measure the chrominance and luminance output of the
display system.

A simple strategy, which is quite effective, consists of
measuring the luminance output of each of the red, green,
and blue electron guns. If the difference between commanded
and displayed luminance exceeds the measurement error, then
this is an indication that the display system characteris-
tics have changed. The extent to which the output of a
color television display drifts is a subject which is not

well documented and deserves further study.




CONCLUSIONS

A digital image processing system capable of displaying
color images offers tremendous flexibility as a research
tool. This flexibility comes from the ability to easily
vary the geometry of the display. Using this flexibility it
is possible to change the stimuli presented rapidly and
efficiently. Real world symbology may be easily presented.
Thus, a digital image system is a valuable basic research
tool as well as an excellent device for conducting valida-
tion studies.

Further flexibility is derived from the ability to pres-
ent stimuli of varying chrominance and luminance on command.
To attain the ability to command the luminance and chromi-
nance of the display it is necessary to develop a method of
characterizing the output characteristics of the display
system.

By using the measurement techniques described in this
report to linearize the luminance output of the display sys-
tem, a set of linear equations can be obtained which charac-
terize the luminance and chrominance output of the display

system. Further software development and further measure-

ments permit an investigator to display stimuli of varying

chromaticities and to display stimuli of constant x,y CIE

chromaticity while varying luminance.
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APPENDIX A:

LINEAR EQUATIONS RELATING BITS TO CHROMATICITY
COORDINATES

The equations for obtaining bit values from chromaticity

coordinates

are developed as follows. Expanding equation

(2), since tristimulus values add:

X = (XR

Y = (YR

zZ =1 -
and let:

MR = xR

MG = xG

Mg = Xp
where

Xr+ YRo

'XG, ¥Gr
and

xBI YB!

[RQPRTRT % YO R

+

Xg + X5)/ (Mg + Mg + Mp),

+ YG + YB)/(MR + MG + MB), and

X - Y, (Al)

+ Yg + Zg,

+ ¥ + 25,

+

Yy + 25, ] (A2)

g are the tristimulus values of the red gun,

1, are the tristimulus values of the green gun,

Zg are the tristimulus values of the blue gun,
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Let M, = M + Mg + Mg, and Y = Yo + Y. + Y. By substitu-

tion,

Moo= (Y/y) . (A3)

To obtain an approximate tristimulus value for any given
bit value setting for each of the three guns, a linear func-
tion relating bits set to tristimulus values was found.
Linearizing the relationship between bits and luminance also
linearizes the relationship between bits and the X and 2

tristimulus values. Thus, for the linearized system:

r ¢l [k 1 r
X byr  byr  Pyg ‘W
Y15 Px¢ Pva¢ Pzq 3 (A4)
2 b by, . b. b
| “ ] Lxe Y5 z8 | L
where

bRy byR' b,g? s+ b,p are the slopes of linear func-
tions relating bits to tristimulus values for each gqun,

r, g, b, are the bit values for the red, green, and blue
guns, and

X, ¥, 2, are the tristimulus values of the resulting
color.

The matrix of slopes was determined by taking the meas-

ured tristimulus value at the highest bit value setting and




dividing by the highest bit value setting, which was

Rewriting, let:

T = vector of resultant tristimulus values,
B = matrix of slopes, and
b = vector of bit values.

Then equation (A4) can be written as:

255.

(AS)

To transform to CIE coordinates, premultiply by the scalar

1/My,

C= (1/Mg) T = (1/Mp)B b,
and

b =g~} (Mg) C.

Thus, given a desired x, y, and luminance (Y),

MT = (Y/y).,

2=1-x -y, and

(A6)

(A7)




using equation (A7), the bit values for the desired c:lor,

at a specific (x, y, luminance), can be obtained.
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APPENDIX B: ONE JND ELLIPSE CALCULATIONS

The development of the just-noticeable-differences for
stimuli was based on the 1976 CIELUV equations which are
presented in Robertson (1977). The defining equations for %

coordinates in L*, u*, v* are

RN TN e

L* = 25(100 v/v)!/3 - 16, 1 < ¥ < 100,
i u* = 13 L*(u - u,)
E
L\
¢
‘ v*¥ = 13 L¥*(v - vo),
u =4 x/(x + 15y + 3 2),

<
[}

9 y/(x + 15y + 3 z), (Bl)

where u,, v_ are the u,v values of the achromatic color

o]

placed at the origin of the (u*,v*) system. Color differ-

ence equations are given by

E(L*,u*,v*) = [(AL*)2 + (Au*)2 + (av*)2117/2, (B2)
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and E = 1 = one just-noticeable-difference. For stimuli of

equal luminance, the L* term is zero, and
E = [0+ (Au*)2 + (Ay*)2)1/2, (B3)
By substitution,

E = [(13 L*(uj-u ) - 13 L*(uy-u,))?

= (13 L¥(v)-vy) - 13 L*(vy-vg))21/2. (B4)

In an additive color mixing system, the illuminant coordi-

nates (uo,vo) cancel, and the egquation becomes

2

m
]

[(13 L¥(u -uy))? + (13 L*(v,-v,)) 21172

13 L¥[(uy-u)? + (v 4v,) 21272, (B5)

where (ul,vl) and (u,,v,) are the color coordinates of two
different colors.

Squaring both sides of the latter equation yields the
equation of a circle in (L*,u*,v*) space. Translating the
origin of the circle to (0,0) and setting L* = 100 allows
one to solve for the radius of a one just-noticeable-differ-

ence circle as,

1 = 13(100)2 (du? + Aav?)

and
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T

r = 2.7735 x 10”3, (B6)

To transform back to CIE (x,y) space, one substitutes:

I g e

1 =13 (100)2 (4 Ax/Ax + 15 Ay + 3 Az)
+ [9AY/(Ax + 15 Ay + 3 Az)].
or
(9/130000) = (-16 + 4/130000)8x2 + (-81 + 144/130000) Ay?

+ (-48/130000)Ax + Ay - (12/130000)4x + (36/130000)Ay. (B7)

This last equation generates a one just-noticeable-dif-
ference ellipse in CIE (x,y) space based on CIE (L*,u,v)
space. In our applications, the formula is used to deter-
mine whether or not the difference between a requested (x,y)
coordinate and the (x,y) coordinates associated with a set

of bit values is less than one just-noticeable-difference.
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