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Snapshot: 

Colorimetry applied to Imaging, known 

as device-independent color Imaging, 

has a historical basis in color television 

that is useful in Improving the color fidelity 

of color computer peripherals such as CRT 

displays and printers. 

Colorimetry was derived in Part I 
(see p. 23 OPN, Sept. 1995) as a 
mathematical description used to 
determine whether two chromatic 
samples match in color appearance 

when illuminated and viewed under a set of refer
ence conditions. Through the use of colorimetry, the 
colors of paints, textiles, and plastics are standard
ized and controlled to specifications that relate to 
our perceptions of lightness, hue, and chroma (i.e. 
the amount of color content at a given lightness). 
Instrumental control of colored materials blos
somed in the 1950s due to the availability of tristim
ulus filter colorimeters (analog instrument that 
directly measures tristimulus values) and tolerance 
metrics with reasonable correlation to visual evalua
tions. At the same time, colorimetry was used in the 
development of broadcast color television. Part II of 
this applied journey picks up at this point. 
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When colorimetry was defined by the International 
Commission on Illumination (CIE) in 1931, two addi
tive systems were standardized: one for visual display, 
and the second for computational ease. During this 
period, Electric and Musucal Industries (EMI) in 
England developed a very successful black-and-white 
cathode ray tube (CRT) display that was integrated into 
broadcast television by the BBC around 1937. As color 
CRTs were later developed by RCA and others in the 
U.S., it was clear that a third system required standard
ization for use in American broadcasting. This became 
known as the NTSC system, named after the National 
Television Standards Committee. Because additive 
imaging systems, by definition, are linearly trans
formable, it is straightforward to define additional sys
tems once the spectral properties of the display are 
known. This is demonstrated below for a modern CRT 
display. 

The spectral irradiance of each channel's peak out
put of a Sony PVM-1942Q monitor used for broadcast 
purposes is shown in Figure 1. The tristimulus values 
for each channel are calculated for one of the standard 
set of CIE primaries. These tristimulus values define a 3 
X 3 matrix that when inverted and multiplied with the 
corresponding set of CIE color-matching functions 
wavelength by wavelength, lead to the new set of stan
dardized data. The matrix equation is shown in Eq. 1; 
the new set of color-matching functions are shown in 
Figure 2. 

Figures 1 and 2 represent the "synthesis" and "analy
sis" stages of color imaging, respectively. If a color cam
era had spectral sensitivities equal to the color-match
ing functions shown in Figure 2, its three color signals, 
when used to drive a CRT display with spectral proper
ties as shown in Figure 1, would lead to perfect color 
reproduction for colors within the CRT's color gamut. 
("Gamut" is defined as the full range of colors an imag
ing device such as a display or printer can generate.) 
These theoretical camera analysis spectral sensitivities 
contain both positive and negative sensitivities. The 
negative sensitivities are approximated by matrixing 
real camera, all-positive spectral sensitivities. An exam
ple is given in Eq. 2. The negative off-diagonal coeffi
cients approximate the negative spectral sensitivities. 

real camera 

Device-independent color imaging 
Broadcast television used colorimetry as a tool to 
improve color accuracy and provide standardization. In 
the final signal processing, only red, green, and blue 
video signals were sent between devices. The colorime
try became "transparent" to the user. As long as the 

Figure 1. Spectral irradiance of each channel's 
peak output of a broadcast-type color CRT display. 

Figure 2. Spectral tristimulus values representing the matches 
to the equal-energy spectrum of a population average 

using a CRT display with spectral properties 
as shown in Figure 1. 

Figure 3. Device-independent flowchart 
applied to broadcast television. 
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imaging devices do not change their color properties, 
this is an efficient method to build a color imaging sys
tem. If the devices change (likely a result of technical 
improvements) or if one wants to have the flexibility to 
use multiple devices, the colorimetry needs to be 
explicit. This is diagrammed in Figure 3 for the broad
cast television example above. The camera video sig
nals, Vr, Vg, and Vb, are converted to tristimulus values, 
X, Y, and Z through "device characterization." Knowing 
the spectral sensitivities, matrix coefficients, and photo
metric response of the camera enables the conversion 
between the device signals and standardized tristimulus 
values. The X, Y, and Z representation is known as the 
"device-independent" representation. With a knowl
edge of additional device characterizations, we can 
reproduce the original colors in various forms such as 
CRT, projection, and print. 

The concept of using colorimetry to relate various 
electronic imaging devices is known as device-indepen
dent color. It is the heart of an emerging standard for 
color document and image interchange being devel
oped by an industrial consortium, The International 
Color Consortium.1 For example, an image created on 
a CRT display will consist of both digital data and a 
"device profile." The device profile is equivalent to the 
device characterization module shown in Figure 3. 
When the CRT image is reproduced as a color print, the 
device profiles of both the CRT display and printer are 
used to improve the color accuracy between the two 
devices. For the color appearance of the print to match 
that of the CRT display (or any two devices), we need to 
understand how to build device profiles, map between 
devices with different color gamuts, and take suitable 
account of differences in viewing conditions. These are 
considered below. 

Device profiles 
Device profiles relate a particular imaging device's digi
tal representation to a colorimetric representation. For 
example, for CRT displays the red, green, and blue digi
tal count values for each pixel of an image needs to be 
related to tristimulus values. A desktop scanner will be 
characterized for a particular material such as photo
graphic paper to relate the digital image with the 
paper's tristimulus values. For desktop printers such as 
dye-diffusion or wax-transfer, the amount of dye or 
wax transferred must be related to the corresponding 
tristimulus values of the printed page. 

Three techniques are most often used to build device 
profiles. The first technique is to sample the device with 
a factorial design based on its digital representation. 
Common factorials are 5 X 5 X 5 or 9 X 9 X 9 for 
three-primary color devices. Samples are produced and 
measured. In the case of printers, these test targets are 
measured using spectrophotometers. The spectral 
reflectance factor data are used to calculate colorimetric 
values. Each digital triplet has a corresponding triplet of 
tristimulus values. Using either nonlinear spline or 
piece-wise linear interpolation, the sample interval is 
increased to 17 X 17 X 17 or 33 X 33 X 33. Three-

Figure 4. Color gamuts of C R T display (wire frame) 
and dye-diffusion printer projected onto 

a*b* plane of C IELAB s p a c e . 

Figure 5. Original i m a g e . Figure 6. Optimal gamut -mapped 
image with m a x i m u m c h r o m a 

reduced 25%. 

Figure 7. C R T i m a g e file. Figure 8. Printer image file. 
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dimensional linear interpolation is finally used to pre
dict values in between the sampled spaces. Cubical or 
tetrahedral subspaces are most often used to define 
three-dimensional volumes.2,3 

The second technique uses polynomial multiple-lin
ear regression to relate the two representations. The 
coarsely sampled data are used as the database for the 
regression.4 

The third technique creates an analytical model 
based on the physics, chemistry, and signal processing 
of the imaging device. The model, described by a series 
of equations, then defines the device profile.5-7 For 
printers, the models are nonlinear and very complex. To 
improve efficiency, they are used to directly build the 
three-dimensional database. Thus, the device profile for 
a printer is a three-dimensional color look-up table; 
whether it is derived using direct measurement, poly
nomial regression, or through the use of an analytical 
model. 

Color gamut mapping 
When two imaging devices are defined colorimetrically, 
it is possible to compare their color gamuts. Can the 
peak red of a CRT display be reproduced using an ink-
jet printer? Can the dye-diffusion printer's peak yellow 
be accurately simulated on a CRT display? Quite often, 
the answer to these questions is no. Differences in color 

gamut are visualized using three-dimensional represen
tations in a visually uniform color space. CIELAB, with 
dimensions of lightness, redness-greenness, and yellow
ness-blueness is often used. The color gamuts of a mod
ern broadcast CRT display (SMPTE primaries) and a 
Kodak XLT-7720 dye-diffusion printer are shown in 
Figure 4. The CRT is represented by the wire frame, and 
the printer is represented by the solid volume. Clearly 
the two devices have different color gamuts. 

Because of these differences in gamut volume and 
shape, we must remap the colors from the originating 
device to the destination device. The optimal method is 
often image dependent. Gamut mapping is currently 
receiving considerable attention. In particular, 
researchers are developing a set of rules that can be 
applied without first analyzing image content. Figures 5 
and 6 show an optimal chroma mapping result based 
on a pilot visual experiment where the maximum chro
ma for this red hue is reduced by 25%. A nonlinear 
mapping was preferred to either clipping or rescaling 
algorithms. 

Color appearance matching 
For many imaging applications, the viewing conditions 
between devices are unmatched. A CRT display may be 
viewed in the dark with a bluish peak white. (Most 
Macintosh computer color monitors have very bluish 

white points, approximately 
the color of a 9300 K black-
body radiator.) The printed 
output is viewed in a room lit 
with fluorescent lamps. If the 
tristimulus values of the CRT 
image were accurately repro
duced on paper, the print 
would have a very bluish 
color balance. Although tris
timulus values provide stan
dardization, they are insuffi
cient by themselves to yield a 
color appearance match 
unless the viewing conditions 
are matched. For paints and 
textiles, this is easily accom
plished by viewing the sam
ples under the same lighting. 
When comparing CRT dis
plays and prints, we need a 
colorimetric representation 
that takes viewing conditions 
into account. This is known 
as the conversion from tris
timulus values to color 
appearance metrics. CIELAB, 
described in Part I of this 
article, is a simple vision 
model that accounts for dif
ferences in illumination. If 
the CRT display CIELAB 
coordinates were reproduced 
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in print, the color balance would be correct. There are 
several color appearance models being tested for use in 
color reproduction.8 - 1 0 The CIE has published a guide 
for coordinated research.11 

Systems integration 
Suppose we want to reproduce the color appearance of 
a pictorial CRT image using a high-quality digital 
printer. First, the orginal image data must be trans
formed to device-independent coordinates using the 
CRT device profile. Second, using a color appearance 
model, the color appearance of the CRT display must 
be defined. Third, the CRT image must be mapped into 
the gamut of the printer. Fourth the appearance metrics 
must be transformed to tristimulus values based on the 
print-viewing conditions. Finally the tristimulus values 
are converted to a digital representation used to drive 
the printer using the printer's device profile. All of these 
steps are concatenated into a single 3-D look-up table. 

This process is demonstrated in Figures 7 and 8. 
Figure 7 is a pictorial representation of the data file of a 
scanned photographic test target (available from The 
Society of Electrophotography of Japan) that has been 
color corrected for an Apple 16" monitor with a D65 
peak white point. When this data file is displayed on the 
CRT in a dimly illuminated room, it will match the 
color of the test target viewed under daylight fluores
cent illumination (for common-gamut colors). In this 
example, the CRT image is considered the original 
image. For a color print to match the CRT representa
tion, its digital values must be rewritten as described 
above. Both device profiles are based on analytical 
models. 5 , 7 The RLAB model 1 0 was used to define each 
device's color appearances. A gamut-mapping strategy 
was used where the closest color in RLAB space was 
printed. The transformed image file is shown in Figure 
8. When this image file is sent to a Fujix Pictrography 
3000, the resulting print, when viewed under cool-
white fluorescent illumination, will match the color 
appearance of the CRT image viewed in a darkened 
room. The increase in chroma of this image compared 
with Figure 7 demonstrates the differences in color 
gamut. The CRT image has a larger color gamut; the 
printed colors need to have an image file with increased 
chroma for the print to match the CRT. The small dif
ferences in the hue of white-image areas exemplify the 
effect of using a color appearance model. 

Conclusions 
Colorimetry has long been a part of color imaging. 
Today it is used extensively in desktop color applica
tions via device-independent color. In the future, it will 
lead to novel approaches for conventional printing, 
image archiving, and communications. 
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