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Abstract

The mathematical formulation of calibrating color
image reproduction and recording devices is presented.
This formulation provides a foundation for future re-
search in areas of characterization of devices and dis-
play of color images. The procedure outlined in this
paper should become standard for displaying color im-
ages for the image processing community.

1 Introduction

With the advent of low cost color printers and
scanners, there is increased interest in the image pro-
cessing community to develop techniques for enhanc-
ing, restoring, and reproducing color images [1]. The
demonstration of the performance of methods for color
image processing has presented a problem due to an in-
ability to control the final printing process, misunder-
standings with regard to color spaces and what RGB
really means, and improper or poorly managed scan-
ning to name a few. Problems can be clearly seen
in comparing the various “unprocessed” color images
of Lena in [1] (a recent special issue on color imag-
ing) with the actual original Lena image. A simu-
lation of the differences is available at the web site
ftp://ftp.eos.ncsu/pub/hjt/profile. The difference be-
tween the images demonstrates the need for a stan-
dard image defined in terms of CIE values with which
to demonstrate color image processing algorithms, in
addition to standards for displaying and porting pro-
cessed images.

2 Background

‘We will use a vector space notation in which the vis-
ible spectrum is mathematically sampled at N wave-
lengths. An illuminant spectrum is represented by an
N x N diagonal matrix and the spectral reflectance
of an object is represented by an N element vector r.
The radiant spectrum reflected from the object with
spectral reflectance r under the illuminant L can be
expressed as Lr. The columns of the Nx3 matrix A
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contain the sampled CIE XYZ color matching func-
tions and the CIE XYZ value of the spectrum Lr is
given by t = ATLr.

A device independent color space is defined as any
space that has a one-to-one mapping onto the CIE
XYZ color space. Device independent values describe
color for the standard CIE observer.

By definition, a device dependent color space cannot
have a one-to-one mapping onto the CIE XYZ color
space. In the case of a recording device, the device
dependent values describe the response of that partic-
ular device to color. For a reproduction device, the
device dependent values describe only those colors the
device can produce.

The use of device dependent descriptions of color
presents a problem in the world of networked com-
puters and printers. The same RGB vector can result
in different colors on different monitors and printers.
Similarly, a specified CMYK value can result in differ-
ent colors on different printers.

A solution is to define images in terms of a CIE
color space and then transform this data to device de-
pendent descriptors for the device on which the image
is to be reproduced. This solution requires knowledge
of a function Fgeyice which will provide a mapping
from device dependent control values to a CIE color
space. In the case of a printer, it is necessary to deter-
mine a transformation .7-'(;;) ice (Which may or may not
exist). For a monitor, the transformations Fyeyice and
F d_eiice are both needed since the monitor is used as
both a source of image data, and as a display device.

Modern printers and display devices are limited in
the colors they can produce. This limited set of colors
is defined as the gamut of the device. If Qg is the
range of numerical values in the selected CIE color
space and )y, is the numerical range of the device
control values then the set

G={te Q| Ice€Qprint where Fuepice(c) =1 }

defines the gamut of the color output device. Simi-



larly, the complement set
G ={t € Qe | Ac€ Qprint where Fyepice(c) =t }

defines colors outside the device gamut. For colors in
the gamut, there will exist a mapping between the de-
vice dependent control values and the CIE XYZ color
space. Colors which are in G¢ cannot be reproduced
and must be gamut-mapped to a color which is within
G. The gamut mapping algorithm D is a mapping
from Qe to G, that is D(t) € G Vt € Qeie.

The mappings Faevice, fdﬁn‘c@ and D make up
what is defined as a device profile. These mappings
describe how to transform between a CIE color space
and the device control values. The International Color
Commission (ICC) has suggested a standard format
for describing a profile[7].

3 Monitors

A monitor is often used to provide softcopy preview
for the printing process and is a common source for
user generated images. Monitor calibration is almost
always based on a physical model of the device [5]. A
typical model is t = H[r’, ¢/, b']7 where

= [(7" - TO)/(Tmaz - TO)PT

9" = (9= 90)/(gmaz — 90)]7 (1)
v = [(b - bO)/(bmaw - bO)]%

where t is the CIE value produced by driving the mon-
itor with control value d = [r, g,b]”, and the param-
eters Yrs Yg» Vb5 T0s 90, b07 Tmazy Ymazx, bma:m and H
are defined in the profile.

Creating a profile for a monitor involves the deter-
mination of these parameters where 7,42, 9mazs Omaz
are the maximum values of the control values (e.g.
255). To determine the parameters, a series of color
patches is displayed on the monitor and measured with
a colorimeter which will provide pairs of CIE values
{tx} and control values {dx} k=1,..., M.

Values for 7., 74, Vs, 70, go, and by are determined
such that the elements of [r/, ¢/, b'] are linear with re-
spect to the elements of XY Z and scaled between the
range [0,1] (cf. Eq. 1). The matrix H is determined
using

X XRmaz XGmaz XBmaz r
Y = YRmaa: YGmaa: YBmam b’
Z ZRmaa: ZGmaw ZBmaw g/

where [ X rmaz, YRmaz, ZRmaz) . is the CIE XYZ tris-
timulus value of the red phosphor for control value
d = [rmas,0,0]T. The other phosphors are defined
similarly.

4 Scanners
Mathematically, the recording process of a scanner
can be expressed as

z; = H(M'1;)

where the matrix M contains the spectral sensitiv-
ity (including the scanner illuminant) of the three (or
more) bands of the device, r; is the spectral reflectance
at spatial point ¢, H models any nonlinearities in the
scanner (invertible in the range of interest), and z; is
the vector of recorded values.

The calibration problem is to determine a continu-
ous mapping Fs.qn Which will transform the recorded
values to a CIE color space, i.e.

t = ATLr = Fyrun(2)

for all r € Q,., the space of reflection values.

Look-up-tables, nonlinear and linear models for
Fscan have been used to calibrate color scanners [3, 4].
In all of these approaches, the first step is to select a
collection of color patches which span the colors of in-
terest. Ideally these colors should not be metameric
in terms of the scanner sensitivities or to the standard
observer under the illuminant for which the calibration
is being produced. This constraint is easily obtained
and assures a one-to-one mapping between the scan
values and the device independent values across these
samples.

The reflectance spectra of these M, color patches
will be denoted by {q}, for 1 < k < M, . These
patches are measured using a spectrophotometer or a
colorimeter which will provide the device independent
values

{tp = ATq} for 1<k < M,.

These values {t;} could represent any colorimetric or
device independent values, e.g. CIELAB, CIELUV
in which case {t; = L(ATqx)} where L(-) is the
transformation from CIEXYZ to the appropriate color
space. The patches are also measured with the scan-
ner to be calibrated providing {z;, = H(M7Tqy)} for
1<k< M,

Mathematically, the calibration problem is: find a
transformation Fg.q, where

M,
p— 1 . — . 2
]:scan - arg(m]}_nz H]:(Z,J tZH )

i=1

and |[|.||? is the error metric in the CIE color space.
Other metrics may be used if desired. In practice, it
may be necessary and desirable to incorporate con-
straints on Fgeqn-



5 Printers

Printer calibration is difficult due to the nonlin-
earity of the printing process, and the wide variety
of methods used for color printing (e.g. lithography,
inkjet, dye sublimation etc.). Because of these diffi-
culties, printing devices are often calibrated using an
LUT and interpolation [2, 3].

To produce a profile of a printer, a subset of values
spanning the space of allowable control values for the
printer is first selected. Denote these device dependent
values by cj, for 1 < k < M,,. These values produce a
set of reflectance spectra which are denoted by py, for
1 <k < M,. The patches p;, are measured using a
colorimetric device as was performed for the scanner
calibration, which provides the values

{tp = ATp;} for 1<k< M,

Again, ty could represent any colorimetric or device
independent values, not just CIEXYZ.

The problem is then to determine a mapping Fprint
which is the solution to the optimization problem

M

fpmnt arg(m}l_n;”"f(cl) tZH )

where as in the scanner calibration problem, there may
be constraints which Fp,in: must satisfy.

6 Gamut Mapping

Consider two gamuts Gponitor and Gprint. It is
desired to print an image which is displayed on the
monitor. Assuming Fonitor 1S known, we can map
from the monitor RGB values to CIE values. Now
the problem is to map these CIE values to device de-
pendent values for the printer. The problem is that
there may be colors which the monitor can display but
the printer cannot print. This problem is defined as a
gamut mismatch problem (the mismatch in this case
being between the monitor and the printer). The map-
ping D is used for this purpose and the device control
value for the CIE value t is given by f];,%nter (D(t)).

Depending upon the desired effect, the gamut map-
ping function D may or may not be the identity opera-
tor on the colors within Gpyin:. The reason for using a
D which is not the identity operator can be illustrated
by an example in which there are smoothly varying re-
gions in the image which are outside the device gamut.
These colors will be gamut-mapped to the same color
on the gamut boundary which will result in abrupt
edges in the previously smooth region. To reduce this
artifact, a gamut mapping is often used which com-
presses all the colors in the image to reduce the col-
orimetric dynamic range in the image while ensuring

that all the colors can be reproduced. For detailed
gamut mapping experiments, the reader is referred to
[9, 8].

7 Constraints

The formulation for the scanner calibration and
the printer calibration are mathematically similar. In
many practical cases, there are constraints which the
mappings should satisfy. For example, in the printer
profile there are several factors such as ink limit and
undercolor removal which often come into play.

In the case of a printer profile, constraint sets of
interest include the following:

data consistency:

Fprint €{ G| [|G(c;) —ti|[ <6y i=1,... .M, }

where 8, is a just-noticeable-difference (JND) thresh-
old.

inklimit:
fprint € { g | Hg_l(t)H < bing Vt € G}

where 8;,, 1s the maximum amount of ink that should
be placed on the paper.
smoothness:

fprint S { g | ||(vg)(c)|| S 6smooth Ve € Qprint }

where VG is the gradient of the function G and pyins
is the range of control values for the printer.

In CMYK printers, under-color removal is a tech-
nique in which the cyan, magenta and yellow ink
amounts are reduced and black ink is added. Typi-
cally, the allowable CMYK values are restricted since
different CMYK combinations could give rise to the
same CIE XYZ value. This restriction is defined by a
set H which is itself defined by four curves which map
values from [emy| 3-space into [¢'m'y'k’] four space.
For example, H could be defined as

H= { [C—i—gc(Oé), m—l—gm(a),y—i—gy(a), fk(a)] | = min(cvmvy) }

where ¢,m,y € [0,255], gi(a) = fi(a) — c, and the
curves f;(a), for i = (¢,m,y, k) are as shown in Fig-
ure 1. With H defined, the constraint of under-color
removal is given by:

Fprint €{G |G Ht) € H Yt € G}

In the LUT based profile, the gamut mapping is im-
plicit in the function which maps from the CIE color
space to the device dependent values. In construct-
ing the LUT, gamut-mapping considerations can be
incorporated as constraints on the LUT entries. For
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Figure 1: Undercolor removal curves

example, it may be desired that certain points outside
the gamut in the LUT provide maximum colorant on
the paper (e.g. 100% cyan, 0% yellow,0% magenta,
0% black). At the same time one would like to have a
smooth transition to the in-gamut colors, and a colori-
metrically meaningful way to assign the out-of-gamut
colors. Constraints of interest in determining the func-
tion D include minimum color error:

D € {G[G(t)eG G=argmin|P(K(t)) - P(t)[]*)

VYt € QCIE }

where P is a mapping from the CIE color space to a
space which is perceptually optimal for gamut map-
ping (e.g. constant hue)

smoothness:

De{ GV ()l <é Vte Qo }
fixed points:
De{G|G(t)=s; i=1,..P}

where there are P fixed points, {t;}, {s;} i=1,..., P,
which need to be mapped exactly.

Scanner calibration can also be formulated in this
framework. The primary sets of interest include

data consistency:

]:scan S { g | ||g(uz) _tz” S 61} Z: ]-v”'vMp }
smoothness:

Fscan € { g | ||(Vg)(u)|| <6 Vu € Quean }

where Qg.qr, is the range of numerical values produced
by the scanner.

Finally, color perception can be included into the
construction of the profile by performing the trans-
formation to the perceptual color space on the mea-
surements from the samples which are used for the
construction of the profile. If £ maps the CIE val-
ues to a perceptual color space such as that found in
[6], then the profile LUT is constructed between the
values {vy = L(tx)} and the device control values c.

8 Example

To demonstrate the need for improved color man-
agement, an original version of the Lena image was
scanned on a desktop scanner. The scanned image will
be referred to as the newly scanned Lena image. In ad-
dition, a color target was scanned which contained 276
color patches. The target patches were measured with
a colorimeter and an LUT mapping was determined
from scanned RGB values to CIELab D50 (i.e. Fscan
was created). Finally, the commonly used digital color
Lena image was obtained which will be referred to as
the standard Lena image.

A dye sublimation (dye-sub) RGB printer (3-color
CMY printer which accepted RGB input values) was
also profiled from CIELab D50 (i.e. fl;ém was cre-
ated) to printer RGB space. As discussed in Section 5,
this profile was created by measuring a series of color
patches with a colorimeter and creating an LUT. Out
of gamut colors were mapped, via D, to the closest
in gamut value, along a constant hue angle while pre-
serving lightness in CIELab space.

The LUT for the dye-sub printer was used to map
from the CIELab D50 values to printer control val-
ues. Three images were printed and are available at
ftp://ftp.ncsu.edu/pub/hjt /profile. The images are as
follows where 1 is the kth pixel RGB value for the
standard Lena image and lsy is the kth pixel RGB
value for the newly scanned Lena image:

(a) The standard Lena image, created by sending
the RGB values 1; to the printer.

(b) Image created by sending the values
]—"pﬁm (D((Fscan(1sg))) to the printer.

(c) Image created by sending the values ls; to the
printer.

Figure 2 demonstrates the differences between (a),
(b), and (c) by separately displaying the CIELab
frames (i.e. individual L*, a*, and b* images) for each
case. The images were created by applying the trans-
formation F,,in: on the printer RGB control values.
For this figure the L™, a*, and b* values were uniformly
quantized over their physical range with 8bits. While
not as effective as displaying the color images directly,



Figure 2: CIELab frames for cases (a), (b) and (c)

the figure does demonstrate the large differences be-
tween cases (a), (b) and (c).

When viewed as a color image, case (a) closely
matched those in the special issue, while (b) was a
close match to the original printed image. Providing
the scanned RGB values directly to the printer (case
(¢)) produces a much different image. One should re-
alize that the commonly used standard Lena image is
a scanned RGB image which is often provided directly
as input to the available color printer. Comparison of
(a) and (c) gives an indication of the differences in
the raw scanner data. The large differences between
the images demonstrate that widely different results
can occur depending upon how an image is scanned,
processed, and printed. This is a significant problem
when attempting to convey the results of a color im-
age processing algorithm, and to compare those results
with previously archived material.

9 Conclusions

The problem of achieving color management by cal-
ibrating scanners, monitors, and printers was defined
mathematically. This lays a framework upon which
sophisticated color image processing methods may be
developed. The ease with which the constraint sets
are formulated, as shown in Section 7, demonstrates

the usefulness of the framework. The importance of
the problem was made clear by consideration of the
vast differences in appearance between images pro-
duced by calibrated and uncalibrated systems. This
more formal approach of producing calibrated color
output should become standard procedure when dis-
playing images for the image processing community.
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