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RECALIBRATING A MULTI-COLOR 
IMAGING SYSTEM 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci? 
cation; matter printed in italics indicates the additions 
made by reissue. 

This is a continuation of application Ser. No. 08/987,878, 
?led Dec. 8, 1997, now US. Pat. No. 5,877,787, Which is a 
continuation of application Ser. No. 08/431,614, ?led May 
1, 1995, now US. Pat. No. 5,781,206, from Which ?ling 
priority is claimed under 35 USC 120. 

FIELD OF THE INVENTION 

The present invention relates generally to multi-color 
imaging technology and, more particularly, to techniques for 
recalibrating a multi-color imaging system. 

DISCUSSION OF RELATED ART 

A multi-color imaging system typically is con?gured to 
form a reproduction of a multi-color image by application of 
a plurality of different colorants to a substrate. The multi 
color image is de?ned by a set of color separations contain 
ing color values. Each color value represents an intensity for 
one of the separated colors at a particular pixel in the 
original image. Thus, each pixel is de?ned by a set of color 
values, each representing the intensity of a different sepa 
rated color in the pixel. 

The imaging system uses the separated color values to 
control the amount of each colorant applied to each pixel on 
the substrate. In an inkjet printing system, for example, the 
color values are used to control the amount of ink deposited 
on a sheet of paper. In a thermal dye transfer printing system, 
the color values may be used to control a thermal head or 
laser to effect the transfer of an amount of dye from a donor 
to a receptor. In either case, the imaging system applies to 
the substrate a combination of different colorants, such as 
cyan, magenta, yelloW, and black (CMYK) inks or dyes, to 
reproduce the color of a pixel in the original image. 

The human eye integrates the individual pixels to form an 
overall perception of the original image. The accuracy of the 
reproduction of the original image is a function of the color 
response of the imaging system. The term “color response” 
refers to a mathematical correlation betWeen the input color 
values used to control the imaging system and the output 
color values obtained by measuring the actual colors formed 
by the imaging system on the substrate. The color response 
ordinarily must be calibrated to conform to a reference color 
response. The reference color response may be based on a 
target imaging system. For example, the imaging system to 
be calibrated may be a proo?ng system designed to provide 
an approximation of an image to be formed on a target 
printing system. 

The calibration procedure typically, involves the applica 
tion of various combinations of the different colorants to the 
imaging substrate to form a large number of different color 
patches. The color patches represent colors distributed 
throughout the color space of the imaging system. The color 
patches are measured With a spectrophotometer, colorimeter, 
or other measuring device, to obtain color values represent 
ing the color response of the imaging system. The measured 
color values may take the form of component color values, 
e.g., C, M, Y, K, for each colorant present in the measured 
color patch. Alternatively, the measured color values may 
take the form of composite color space vectors representing 
the color space coordinates of the measured color patch in a 
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2 
system-independent coordinate system such as CIE XYZ or 
L*, a*, b*. The color patches are produced on a target 
imaging system. The calibration procedure involves map 
ping the colorant values of the proo?ng system to produce 
the same measured color values for the color patches as 
produced by the target imaging system. 

The measured color values are mapped to reference color 
values representing the color response of the target imaging 
system after calibration is accomplished. Over time, the 
imaging system can become uncalibrated due to a variety of 
hardWare and material variations. The variations cause the 
color response of the imaging system to vary from the color 
response of the target imaging system. If the deviation is not 
eliminated, the imaging system Will not accurately represent 
the output of the target imaging system. To eliminate the 
deviation, thereby recalibrating the imaging system, the 
input color values must be manipulated. 
One method of manipulation is one-dimensional linear 

iZation. The term “lineariZation” refers to one-dimensional 
correction of the input color values to return the one 
dimensional range of the imaging system to its calibrated 
functional dependence on the one-dimensional domain. This 
one-dimensional correction ordinarily is accomplished by 
the application of one-dimensional look-up tables, or “ID 
LUT’s,” to the input color values for each separated color. 
LineariZation of a ?lm recorder can be an adequate tech 
nique for obtaining consistent color response from conven 
tional halftone color proo?ng systems. Conventional half 
tone color proo?ng systems, such as the 3M MatchprintTM 
color proo?ng system, available from Minnesota Mining & 
Manufacturing Company, of St. Paul, Minn., usually are 
stable over time and, moreover, are negatively acting. A 
negatively acting proo?ng system reproduces an image by 
removing halftone spots from a substrate, typically by laser 
exposure and chemical removal, leaving the image portions 
behind. This approach generally provides a repeatable Way 
of making hard copy color proofs, assuming that the halftone 
media exhibits a linear response and the output of the 
proo?ng system is consistent. Therefore, lineariZation may 
be suf?cient to return such an imaging system to its cali 
brated condition. 

In contrast, most digital color proo?ng systems are either 
continuous tone systems, such as the 3M RainboWTM digital 
color proo?ng system, available from Minnesota Mining & 
Manufacturing Company, of St. Paul, Minn., or halftone 
systems With variable maximum densities, such as the 
Kodak ApprovalTM digital color proo?ng system, available 
from Eastman Kodak Corporation, of Rochester, NY. Digi 
tal proo?ng systems can be more susceptible to variation 
than conventional halftone proo?ng systems. The various 
colorants may interact by admixture during the imaging 
process, for example, signi?cantly altering the color 
response for secondary and tertiary colors. If the digital 
proo?ng system is dye-based, slight changes in the spectral 
properties of the dyes also tend to be more likely, relative to 
pigment-based systems, resulting in variations in the color 
response. Further, variations in the colorant reception char 
acteristics of the substrate can alter the color response. 
The larger number of hardWare and materials variations 

arising in direct digital color proo?ng systems, relative to 
conventional halftone systems, creates a greater possibility 
of drift and systematic shift that can affect the color 
response. Unfortunately, such variations may not be Well 
corrected by simple one-dimensional lineariZation of the 
separated color values in each independent color channel. 
The colors critical to perception of the image by the human 
eye tend to lie in regions of color space having more than 
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one color channel that is non-Zero in value. One 
dimensional lineariZation of the single color channels inde 
pendently from one another does not adequately address 
correction of the color response for admixed colors created 
by interaction of tWo or more colorants. 

The use of color transformations further complicates the 
recalibration process. Color transformations are becoming 
standard techniques in the area of color management. For 
example, a digital color proo?ng system Will produce a 
different color gamut and color response than a conventional 
color proo?ng system. In order to obtain a good visual match 
betWeen the output of the digital color proo?ng system and 
the output of the conventional color proo?ng system When 
proo?ng the same image ?le, a complex color transforma 
tion typically is required. For CMYK systems, for example, 
the color transformation is of the form CMYK->C‘M‘Y‘K‘. 
The color transformation is performed on a pixel-by-pixel 
basis via a LUT or an algorithm. Examples of color trans 
formation techniques are disclosed in US. Pat. No. 5,339, 
176 to Smilansky et al. and US. Pat. No. 4,500,919 to 
Schreiber. 

Color transformations can be used to achieve reliable 
color reproduction. As discussed above, hoWever, the use of 
color transformations complicates the problem of recalibra 
tion of the digital color proo?ng system. Speci?cally, the 
primary colorants C, M, Y, K may each have signi?cant 
admixtures of other colorants in order to achieve the correct 
hue. In addition, saturated reds, greens, and blues may have 
much less than the maximum amount of C, M, Y, or K in 
order to achieve good color. With color transformation, the 
individual C, M, Y, and K colorants can no longer be 
sampled independently of one another. Thus, single-channel 
lineariZation is made difficult. Further, standard lineariZation 
does not consider second-order effects, such as spatial shifts 
and interaction betWeen channels. 
An alternative recalibration approach considers neutral 

grays generated after CMYK transformation. This method, 
implemented by both the above-mentioned 3M RainboWTM 
digital color proo?ng system and the Tektronix PhaserTM 
480 color printer, available from Tektronix Incorporated, of 
Beaverton, Oreg., relies on visual comparison of neutral 
gray hard copy reference samples and off-gray color patches 
formed by the system. The off-gray color patches are labeled 
according to their deviation from gray, i.e., +2% cyan, —1% 
yelloW, etc. By visually comparing the reference gray 
samples to the various off-gray patches, one can determine 
Whether better gray balance is achieved by adding more or 
less of particular colorants. In order to have an adequate 
sampling of the different permutations, hoWever, a large 
number of off-gray patches are required for each gray level, 
i.e., highlight, quarter tone, midtone, etc. 

The visual comparison technique described above Works 
Well as a visually based recalibration tool, but is impractical 
for use as a measurement-based tool. The large number of 
patches that Would have to be measured for a softWare-based 
application to determine the optimal corrections required to 
gray balance the highlight, quarter-tone, mid-tone, and 
three-quarter tone grays Would be extremely time consum 
ing. If saturated chromatic colors, such as reds, greens, and 
blues Were included for reliable accuracy, and multiple 
samples Were measured across the substrate to account for 
systematic variability, the number of measurements could 
easily enter into the thousands. Reliable accuracy generally 
means that any CMYK tint produced by the system Will 
produce substantially the same L*a*b* value as the corre 
sponding CMYK tint produced by the printing or proo?ng 
process being simulated, Within the noise limitations of both 
systems. 
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If the color proo?ng system Without color transformation 

behaves like a nearly perfect halftone system in its native 
mode, and if the overlap behavior of the halftone screening 
process can be approximated as being stochastic, the math 
ematical calculations to correct for gray balance are fairly 
simple via the Neugebauer equations. Digital color proo?ng 
systems typically are not perfect halftone systems, hoWever, 
and therefore are less amenable to the use of a measurement 
based recalibration tool that directly optimiZes the grays and 
other mixed colors. Moreover, the digital color proo?ng 
system may exhibit signi?cant differences in gamut relative 
to the target proo?ng system, and therefore requires color 
transformations, as described above. It is dif?cult to math 
ematically calculate the effect on grays and chromatic colors 
due to alteration of the relative CMYK values, particularly 
When color transformations are being employed. Hence, 
visually comparing the large number of three-color gray 
patches or measuring C, M, Y, and K patches separately are 
the tWo primary methods currently employed for recalibra 
tion. 

SUMMARY OF THE INVENTION 

The present invention, as broadly embodied and claimed 
herein, is directed to an apparatus and method for recali 
brating a multi-color imaging system. 

The multi-color imaging system, in accordance With the 
present invention, is capable of applying a plurality of 
different colorants to a substrate based on a plurality of input 
color values, Wherein the input color values control amounts 
of the colorants, to be applied to the substrate by the imaging 
system. 

In accordance With the present invention, the apparatus 
and method (a) select a subset of the plurality of input color 
values, (b) control the imaging system to apply one or more 
of the different colorants to the substrate based on the subset 
of the plurality of input color values, thereby forming a 
plurality of different color patches on the substrate, Wherein 
the subset of the plurality of input color values is selected in 
the step (a) such that one or more of the different color 
patches is formed by application of a combination of at least 
tWo of the different colorants to the substrate (c) measure a 
plurality of color values for each of the different color 
patches formed on the substrate, (d) compare each of the 
measured color values to a corresponding one of a plurality 
of reference color values, the reference color values repre 
senting a calibrated condition of the imaging system, (e) 
calculate an error value representing a deviation of the 
measured color values from the reference color values, and 
(f) adjust one or more of the plurality of input color values 
to reduce the error value to a predetermined degree, Wherein 
the adjustment of the input color values for one of the 
colorants is performed independently of the adjustment of 
the input color values for others of the colorants. 
The advantages of the apparatus and method of the 

present invention Will be set forth in part in the description 
that folloWs, and in part Will be apparent from the 
description, or may be learned by practice of the present 
invention. The advantages of the present invention Will be 
realiZed and attained by means particularly pointed out in 
the Written description and claims hereof, as Well as in the 
appended draWings. It is to be understood, hoWever, that 
both the foregoing general description and the folloWing 
detailed description are exemplary and explanatory only, 
and not restrictive of the present invention, as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying draWings are included to provide a 
further understanding of the present invention and are incor 
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porated in and constitute a part of this speci?cation. The 
drawings illustrate exemplary embodiments of the present 
invention and together With the description serve to explain 
the principles of the invention. 

FIG. 1 is a functional block diagram of multi-color 
imaging system incorporating an apparatus and method for 
recalibrating the imaging system, in accordance With the 
present invention; 

FIG. 2 is a How diagram illustrating a reference setting 
mode of an apparatus and method for recalibrating a multi 
color imaging system, in accordance With the present inven 
tion; 

FIG. 3 is a How diagram illustrating a recalibration mode 
of an apparatus and method for recalibrating a multi-color 
imaging system, in accordance With the present invention; 

FIG. 4 is a color space plot illustrating relative color 
responses of an exemplary multi-color imaging system and 
an exemplary target multi-color imaging system; and 

FIG. 5 is a color space coordinate plot illustrating relative 
color responses of the multi-color imaging system and target 
multi-color imaging system represented by FIG. 4 upon 
applications of a recalibration method, in accordance With 
the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIG. 1 is a functional block diagram of a multi-color 
imaging system 10 incorporating an apparatus 12 and 
method for recalibrating the imaging system, in accordance 
With the present invention. The recalibration apparatus 12 
implements the steps of the recalibration method of the 
present invention. Accordingly, the functionality of both 
recalibration apparatus 12 and the recalibration method of 
the present invention Will be described together in this 
description. 

The recalibration apparatus 12 preferably includes a pro 
cessor 14, as shoWn in FIG. 1, that executes a softWare 
application program implementing the recalibration method 
of the present invention. The processor 14 shoWn in FIG. 1 
can be realiZed by a host computer system con?gured to 
execute the application program implementing the recali 
bration method. The host computer system may be, for 
example, an Apple MacintoshTM computer or an IBM PC. 
The application program may be embedded in a color 
management softWare package, such as that provided With 
the 3M RainboWTM color proo?ng system, available from 
Minnesota Mining & Manufacturing Company, of St. Paul, 
Minn. Alternatively, processor 14 could be realiZed by a 
microprocessor, residing on an integrated circuit chip, that 
accesses a read-only memory (ROM) into Which the appli 
cation program is loaded. The implementation of the reca 
libration method via softWare affords ?exibility in develop 
ment and modi?cation. The recalibration method 
alternatively can be implemented by an integrated logic 
circuit, hoWever, for increased color processing speed. 
As shoWn in FIG. 1, in operation, processor 14 receives 

a plurality of input color values CV1, as indicated by line 16. 
The input color values CV1 constitute a color image ?le 
containing a plurality of color separations that together 
de?ne a multi-color image. Each input color value CV1 
represents an intensity for one of the separated colors at a 
particular pixel in the original image. Thus, each pixel is 
de?ned by a set of input color values CV1, each representing 
the intensity of a different separated color in the pixel. The 
imaging system 10 uses the separated input color values 
CV1 to control the amount of each of a plurality of different 
colorants applied to a plurality of pixels on a substrate. 
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6 
Speci?cally, processor 14 prepares input color values CV1 

for application to a printing mechanism by accessing a 
lookup table (LUT) memory. The LUT memory contains 
both a color transformation LUT 20 and a color correction 
LUT 22. The processor 14 ?rst applies input color values 
CV1 to color transformation LUT 20, as indicated by line 24. 
The color transformation LUT 20 is a multi-dimensional 
LUT that maps each of input color values CV1 to a corre 
sponding input color value CV2 according to a color trans 
formation function. For a CMYK system, color transforma 
tion LUT 20 Will comprise a four-dimensional lookup table. 
The color transformation function de?nes the conversion of 
input color values CV1 to input color values CV2 necessary 
for color imaging system 10 to substantially stimulate the 
color response of a particular target color proo?ng system. 
The color transformation function implemented by color 
transformation LUT 20 returns the appropriate transformed 
input color values CV2 in response to input color values 
CV3, as indicated by line 26. To simulate the color response 
of several different target color proo?ng systems, the LUT 
memory may contain a plurality of different color transfor 
mation LUT’s 20 that can be selectively accessed according 
to a system user command. 

The color correction LUT 22 is effectively cascaded With 
color transformation LUT 20. In other Words, processor 14 
accesses color correction LUT 22, as indicated by line 28, 
after color transformation of input color values CV1 to input 
color values CV2 according to multi-dimensional color 
transformation LUT 20. The color correction LUT 22 com 
prises a set of one-dimensional LUT’s , each of Which maps 
input color values CV2 for a particular separated color to 
corresponding input color values CV3. The one-dimensional 
mapping de?ned by color correction LUT 22 conforms to a 
color correction function. The color correction function 
de?nes the conversion of input color values CV2 to input 
color values CV3 necessary for color imaging system 10 to 
maintain simulation of the color response of a particular 
target color proo?ng system. The color correction function 
implemented by color correction LUT 22 returns the appro 
priate color-corrected input color value CV3 in response to 
each color-transformed input color value CV2, as indicated 
by line 30. The color correction LUT 22 serves as a ?ne 
tuning device, adjusting color values CV2 When color imag 
ing system 10 deviates from the color transformation func 
tion. The color correction LUT 22 thereby can be used to 
calibrate or recalibrate imaging system 10 to produce an 
output in substantial conformance With the color response of 
the target proo?ng system. 
As shoWn in FIG. 1, in addition to recalibration apparatus 

12, imaging system 10 includes an imager 32. The imager 32 
may comprise a continuous tone printing mechanism 
capable of applying a plurality of different colorants to a 
substrate 34. After accessing color transformation LUT 20 
and color correction LUT 22, processor 14 transmits input 
color values CV3 to printing mechanism 32, as indicated by 
line 36, to drive the application of different colorants to 
substrate 34. Each of input color values CV3 controls an 
amount of one of the colorants to be applied to a particular 
pixel on substrate 34 by printing mechanism 32, as indicated 
by line 38. The printing mechanism 32 may be realiZed by 
a variety of printing mechanisms including, for example, 
inkjet printers, thermal dye transfer printers, or laser 
induced thermal dye transfer printing mechanisms. For an 
inkjet printing mechanism, the colorants may include cyan, 
magenta, yelloW, and black (CMYK) inks deposited on 
substrate 34, Which can be an ink receptor such as a sheet of 
paper. For a dye-based printing mechanism, the colorants 
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may comprise CMYK dyes transferred from a dye donor to 
substrate 34, Which can be a dye receptor. 

The operation of the recalibration apparatus 12 and 
method of the present invention Will noW be described With 
reference to FIG. 1. To carry out the recalibration process, 
processor 14 selects a subset of a plurality of input color 
values CV1. the subset is not selected from a particular 
image ?le, but from the range of intensity values 0—100% 
available for each input color value CV1. After indexing the 
subset of input color values CV1 to a subset of correspond 
ing input color values CV3 via both multi-dimensional color 
transformation LUT 20 and the one-dimensional LUT’s 
Within color correction LUT 22, processor 14 controls 
printing mechanism 32 to apply one or more different 
colorants to substrate 34, as indicated by line 38. The 
printing mechanism 32 thereby forms a plurality of different 
color patches 401—40N on substrate 34. 

After forming color patches 401—40N, processor 14 acti 
vates a measuring device 42. The measuring device 42 
measures a plurality of output color values CV4 for each of 
the different color patches 401—40N formed on substrate 34. 
The measuring device 42 may comprise, for example, an 
external measuring system such as a GretagTM SPM 50 color 
measurement device, commercially available from Gretag, 
Inc., of Regensdorf, SWitZerland. Adensitometer, such as an 
X-Rite color densitometer, commercially available from 
X-Rite of Grandville, Mich., alternatively can be employed 
as measuring device 42. It is noted that realiZation of 
measuring device 42 by a densitometer may require a 
modi?ed driver to be imbedded in the recalibration softWare 
to convert density CMY data or re?ectance RGB data into 
a system independent color space such, as XYZ or L*a*b*. 

If con?gured as an automatic device, measuring device 42 
may transmit the measured color values CV4 directly to 
processor 14, as indicated by line 44. Alternatively, a human 
user may record and enter the measured color values CV4 
into processor 14 via a user interface. The processor 14 
accesses a reference color value memory 46, as indicated by 
line 48, to obtain a set of reference color values CV5, as 
indicated by line 50. The reference color values CV5 rep 
resent the measured color values CV4 that Would be pro 
duced for each color patch in a calibrated condition of 
imaging system 10. In the calibrated condition, the color 
response of imaging system 10 substantially matches that of 
the target proo?ng system. The processor 14 compares each 
of the measured color values CV4 received from measuring 
device 42 to a corresponding one of reference color values 
CV5 obtained from reference color value memory 46. Based 
on the comparison, processor 14 determines a degree of 
deviation from the target color response. 

For each of the measured color values CV4, processor 14 
calculates an error value. The error value represents the 
amount of deviation of measured color values CV4 from 
reference color values CV5. The error value may take the 
form of the root mean square (RMS) error determined from 
the individual error values betWeen each measured color 
value CV4 and the corresponding reference color value CV5. 
The processor 14 uses the error value as the basis for 
adjustment of one or more of input color values CV3 in color 
correction LUT 22 to thereby recalibrate imaging system 10 
to a state suf?cient to substantially produce the desired target 
color response. Speci?cally, processor 14 determines input 
color values CV3 that reduce the error value to a 
predetermined, acceptable degree. The processor 14 deter 
mines the input color values using an error function that 
characteriZes the difference betWeen the color response 
function of imaging system 10, indicated by measured color 

10 

15 

25 

35 

45 

55 

65 

8 
values CV4, and the target color response function, indicated 
by reference color values CV5. Using the error function, 
processor 14 determines the input color values suf?cient to 
reduce the error value by one-dimensional correction to the 
predetermined degree. As indicated by line 52, processor 14 
then accesses color correction LUT 22 to adjust one or more 
of input color values CV3 by amounts ACV3 suf?cient to 
produce the reduced error value. It is noted that the calcu 
lated adjustments for one color transformation function also 
can be applied to a different color transformation function if 
both functions are based on the same original imaging 
system. HoWever, further “?ne tune” recalibration may be 
required by more stringent users to ensure adjustments are 
truly optimiZed for the different color transformation func 
tion. Calculation of the adjustments ACV3 to the input color 
values in color correction LUT 22 can be carried out 
according to standard error minimiZation techniques knoWn 
to those skilled in the art. The method of least squares, for 
example, can be applied to determine the appropriate 
adjustments, as described in Prediction Analysis, Chapter 3, 
pages 27—73. 

If desired, recalibration apparatus 12 may be con?gured 
to provide a user of imaging system 10 a representation of 
the error value. Before recalibration, the error value repre 
sents deviation of the color response of imaging system 10 
from the target color response. After recalibration, the error 
value provides an indication of the effectiveness of the 
recalibration procedure in driving the color response of 
imaging system 10 back to the target color response. Thus, 
the error value can be used as an evaluation of the recali 
bration procedure, or used as a method of con?rmation that 
the correct color transformation function has been used, in 
the case in Which the image is measured at a location remote 
from the imager. 

Minimization of the error value reduces the amount of 
color response deviation betWeen imaging system 10 and the 
target imaging system. The adjustment ACV3 to the input 
color values CV3 for each of the colorants is performed 
independently of the adjustment of the input color values for 
the other colorants. In other Words, the adjustment is a 
one-dimensional correction performed independently on 
each dimension of color correction LUT 22, and thus on 
each color channel of imaging system 10. As Will be 
explained later in this description, hoWever, the one 
dimensional correction is not based only on consideration of 
single-colorant color patches, but on multi-colorant color 
patches deemed more critical for evaluation of color 
response. 
The number of different color patches 401—40N that must 

be formed and measured, in accordance With the recalibra 
tion apparatus and method of the present invention, is 
signi?cantly less than required by existing calibration tech 
niques. The reduced number of color patches 401—40N and 
measurements provides a quick and efficient recalibration 
apparatus 12 With suf?cient color response quality. The color 
response quality achieved by the recalibration apparatus 12 
and method of the present invention eliminates the need for 
a complete calibration of imaging system 10. Rather, it is 
assumed that the color response imaging system 10 merely 
deviates a ?nite amount from the target color response. 
Thus, imaging system 10 can be quickly driven to the target 
color response by recalibration. Because the color response 
function of imaging system 10 is minimiZed, and not 
mapped, relative to the target color response, additional 
color patches representing additional color space coordi 
nates can be added to the recalibration procedure for greater 
precision. 
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The reduced number of color patches 401—40N and mea 
surements is made possible by careful selection of the 
particular color patches formed. Speci?cally, color patches 
401—40N are selected to sample a small set of color space 
coordinates found to provide a good indication of overall 
conformance of imaging system 10 to the target color 
response. The recalibration apparatus 12 and method of the 
present invention sample the same color space coordinates 
for all target imaging systems that are being simulated by 
imaging system 10. Although the input color values CV1 
used to form color patches 401—40N are the same for various 
color targets being simulated, the measured output color 
values CV4 may vary signi?cantly. 

For example, tWo different types of printing in the graphic 
arts may be con?gured to print drastically different results 
for the input color values CV1. One printing press may print 
With a dot gain of 10%, Whereas another printing press may 
print With a dot gain of 40%. Thus, the quarter-tone gray of 
the ?rst printing press may resemble the highlight gray of the 
second printing press. The term “gray,” as used herein, refers 
to those colors formed by combinations of three or more 
colorants. Similarly, the saturated red of the ?rst printing 
press may be Well-balanced betWeen yelloW and magenta, 
Whereas the second printing press may print a saturated red 
that is signi?cantly skeWed toWard magenta due to poor 
overprinting ef?ciency. 

Thus, the recalibration apparatus 12 and method of the 
present invention sample similar regions of color space, in 
terms of the selected input color values CV1, and use them 
to recalibrate color imaging system 10, despite potentially 
drastic differences in the outputs of the various target 
imaging systems being simulated. The printed output of the 
selected input color values CV1 alWays is modi?ed by the 
color transformation LUT 20 of color imaging system 10. 
The recalibration apparatus 12 and method of the present 
invention calculate the deviation betWeen the measured 
color values CV4 for the particular color imaging system 10 
and reference color values CV5 for a calibrated condition in 
Which an acceptable visual match to the target color 
response Was initially achieved. In this manner, the one 
dimensional LUT’s of color correction LUT 22 can be 
adjusted, based on the deviation, to compensate for the 
variation of color imaging system 10 from the original color 
response function of a calibrated system using the same 
multi-dimensional color transformation function via LUT 
20. 

FIG. 2 is a How diagram illustrating a reference setting 
mode of the recalibration apparatus 12 and method of the 
present invention. In the reference setting mode, processor 
14 obtains reference color values CV5 for storage in refer 
ence color value memory 46, shoWn in FIG. 1. The reference 
color values CV5 represent the color values CV4 measured 
from a plurality of different color patches for a calibrated 
condition of imaging system 10. The color patches used to 
obtain the reference color values CV5 encompass the color 
patches that Will be sampled in the recalibration mode. The 
recalibration mode may employ, hoWever, less than all of the 
color patches used in the reference setting mode, depending 
on the color correction precision required by the system user. 
As indicated by block 54 of FIG. 2, the reference setting 

procedure starts in a calibrated condition of imaging system 
10. The imaging system 10 can be initially adjusted to the 
calibrated condition by conventional calibration techniques, 
numerical and/or visual. The initial calibration procedure 
may have been performed on a reference system in a 
laboratory or may have been performed on site at a customer 
location after performing a customiZed calibration to a 
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particular target imaging system. The calibration technology 
used may have been color transformation via the use of a 
multi-dimensional LUT or similar transformation, or color 
transformation folloWed by one-dimensional LUT adjust 
ment. 

After imaging system 10 has been adjusted to the cali 
brated condition, color patches are formed for the reference 
setting procedure, as indicated by block 56. The color 
patches are formed based on a subset of input color values 
CV1 selected by processor 14. The processor 14 selects the 
subset of input color values CV1 such that one or more of the 
different color patches 401—40N is formed by application of 
a combination of at least tWo of the different colorants to 
substrate 34. Preferably, the subset is selected such that one 
or more of the different color patches also is formed by 
application of a combination of at least three of the different 
colorants to substrate 34. The formation of at least some of 
color patches 401—40N by application of a combination of 
tWo and, in some cases, three different colorants enables 
analysis of the effect of one-dimensional color correction on 
the color response for secondary and tertiary colors created 
by admixture of the colorants. The color space coordinates 
sampled by color patches 401—40N essentially correspond to 
saturated secondary colors (saturated reds, greens, and 
blues) and highlight, quarter-tone, and midtone balanced 
tertiary colors (three-color balanced grays). 

Careful selection of the subset of input color values CV1 
enables the reference setting and recalibration procedures to 
be performed With formation and measurement of a reduced 
number of color patches 401—40N. The color patches 
401—40N formed on substrate 34 in the recalibration mode 
may consist, for example, of less than seven different color 
patches, less than eight different color patches, less than 
nineteen different color patches, or less than tWenty-three 
different color patches, as determined by the degree of color 
correction precision required by the user. The color patches 
formed in the reference setting mode should include, 
hoWever, all of the color patches that possibly could be 
selected in the recalibration mode so that all reference color 
values CV5 can be obtained for such patches, if needed. If 
desired, the reference setting and recalibration modes may 
include additional color patches to provide a broader sam 
pling of color space for enhanced precision. Of course, 
additional color patches Will require more measurements, 
decreasing the speed of the reference setting and recalibra 
tion procedure. 

FIG. 2 illustrates tWo alternative subsets of input color 
values CV1 for formation of color patches 401—40N With 
CMYK colorants in the reference setting and recalibration 
procedures. A ?rst subset, indicated by block 58, includes 
input color values CV1 selected to form only seven color 
patches, numbered 2—8. In subset 58, patch no. 1 merely 
corresponds to the color of an unimaged area of substrate 34, 
such that C=M=Y=K=0. Thus, patch no. 1 need not be 
physically formed on substrate 34. Rather, the nonimaged 
area of substrate 34 corresponding to patch no. 1 can be 
measured. Measurement of the unimaged area of substrate 
34 ensures accurate normaliZation of the color values CV4 
measured for the color patches relative to the substrate. 
Further, for each of color patch nos. 1—8, K=0. 
Consequently, the black colorant need not be applied to 
substrate 34 for any of the color patches. 

The ?rst subset 58 of input color values CV1 are selected, 
using CMYK colorants, for example, such that: 

(i) patch no. 2 is formed by application of a combination 
of cyan, magenta, and yelloW colorants in highlight 
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tone amounts, on the order of, for example, C=5, M=3, 
Y=3, on a 0—100% intensity scale; 

(ii) patch no. 3 is formed by application of a combination 
of cyan, magenta, and yellow colorants in quarter-tone 
amounts, on the order of, for eXample, C=12, M=8, 
Y=8, on a 0—100% intensity scale; 

(iii) patch no. 4 is formed by application of a combination 
of cyan, magenta, and yelloW colorants in mid-tone 
amounts, on the order of, for eXample, C=38, M=29, 
Y=29, on a 0—100% intensity scale; 

(iv) patch no. 5 is formed by application of a combination 
of cyan, magenta, and yelloW colorants in three-quarter 
tone amounts, on the order of, for eXample, C=82, 
M=73, Y=73, on a 0—100% intensity scale; 

(v) patch no. 6 is formed by application of a combination 
of magenta and yelloW colorants in saturated-tone 
amounts; 

(vi) patch no. 7 is formed by application of a combination 
of cyan and yelloW colorants in saturated-tone 
amounts; and 

(vii) patch no. 8 is formed by application of a combination 
of cyan and magenta colorants in saturated-tone 
amounts. 

For a three color CMY system, the above patches are the 
minimum required for recalibration, in accordance With the 
present invention. If there also eXists a black separation, 
measurement of the values C=M=Y=0, K=5, 25, 50, 75, 100 
and may be desirable. 
A second, alternative subset, indicated by block 60 of 

FIG. 2, includes both ?rst subset 58 and an additional subset 
of input color values indicated by block 62, Which contains 
?fteen patches, numbered 9—23. In the reference setting 
mode, the color patches should be formed on the basis of this 
larger subset 60 to obtain reference color values CV5 for all 
color patches that possibly could be used in the recalibration 
mode. The second subset 60 of input color values CV1 
includes a greater number of color patches, and thus a 
greater number of samples throughout color space. 
Accordingly, recalibration With second subset 60 Will pro 
duce enhanced precision. Nevertheless, second subset 60 
still requires the formation and measurement of less than 
tWenty-three different color patches. The second subset 60 of 
input color values CV1, using CMYK colorants, for 
eXample, is selected to include the color patches of subset 58 
and further selected such that: 

(viii) color patches nos. 9, 10, 11, 12, and 13 are formed 
by application of the cyan colorant in highlight-tone 
(e.g., C=5), quarter-tone (e.g., C=25), midtone (e.g., 
C=50), three-quarter tone (e.g., C=75), and saturated 
tone (e.g., C=100) amounts, respectively; 

(iX) color patches nos. 14, 15, 16, 17, and 18 are formed 
by application of the magenta colorant in highlight-tone 
(e.g., M=5), quarter-tone (e.g., M=25), midtone (e.g., 
M=50), three-quarter tone(e.g., M=75), and saturated 
tone (e.g., M=100) amounts, respectively; and 

(X) color patches nos. 19, 20, 21, 22, and 23 are formed 
by application of the yelloW colorant in highlight-tone 
(e.g., Y=5), quarter-tone (e.g., Y=25), midtone (e.g., 
Y=50), three-quarter tone (e.g., Y=75), and saturated 
tone (e.g., Y=100) amounts, respectively. 

The ?rst subset 58 requires the formation of less than 
eight different color patches for the recalibration procedure. 
In the recalibration procedure, the three-quarter tone bal 
anced gray patches are deemed less critical as a measure of 
color response. Therefore, patch no. 5, formed by applica 
tion of a combination of cyan, magenta, and yelloW colo 
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rants in three-quarter tone amounts, could be eliminated, 
further reducing the number of color patches necessary for 
recalibration With subset 58 to less than seven. Although a 
small amount of precision may be sacri?ced by elimination 
of patch no. 5, further reduction of the number of color 
patches may be WorthWhile in the interest of enhanced 
ef?ciency. 

In subset 60, comprising both subset 58 and 62, less than 
tWenty-three different color patches need to be formed for 
the recalibration procedure. As With ?rst subset 58, the 
three-quarter tone balanced gray patches are deemed less 
critical as a measure of color response. Therefore, patch no. 
5, formed by application of a combination of cyan, magenta, 
and yelloW colorants in three-quarter tone amounts, and 
patch nos. 12, 17, and 22, formed by application of cyan, 
magenta, and yelloW colorants, respectively, in three-quarter 
tone amounts could be eliminated, further reducing the 
number of patches necessary for recalibration With subset 60 
to less than nineteen. Again, a small amount of precision 
may be sacri?ced for enhanced efficiency due to elimination 
of patch nos. 5, 12, 17, and 22. 

After the color patches have been formed in the reference 
setting mode, as indicated by block 56 of FIG. 2, measuring 
device 42 is activated to measure color values CV4 from 
each color patch, as indicated by block 64. The measured 
color values CV4 are provided to processor 14, either 
directly from measuring device 42 or from a system user via 
a user interface. The processor 14 then loads measured color 
values CV4 into reference color value memory 46 as refer 
ence color values CV5 for a calibrated condition of imaging 
system 10, as indicated by block 66. During the recalibration 
mode, processor 14 retrieves the stored reference color 
values CV5 for comparison to neWly measured color values 
CV4 taken by measuring device 42. 

FIG. 3 is a How diagram illustrating the recalibration 
mode of the recalibration apparatus 12 and method of the 
present invention. The processor 14 may initiate the recali 
bration mode in response to a user recalibration request, an 
elapsed period of time from the last recalibration or com 
plete calibration, or a user request for simulation of a 
different target imaging system. In each case, it is assumed 
that imaging system 10 is in an uncalibrated condition, as 
indicated by block 68. From the uncalibrated condition, 
processor 14 controls printing mechanism 32 to form a 
plurality of different color patches on substrate 34, as 
indicated by block 70. 
The color patches may correspond to all or some of the 

color patches formed during the reference setting mode, 
described above With reference to FIG. 2. Thus, the color 
patches 401—40N formed in the recalibration mode are based 
on all or some of the same subset of input color values CV1 
selected by processor 14 for the reference setting mode. For 
eXample, color patches 401—40N may be formed based on 
either ?rst subset 58 or second subset 60 of input color 
values CV1, as described With reference to FIG. 2. 
Alternatively, a lesser or greater number of color patches 
401—40N may be formed by contracting or eXpanding subsets 
58, 60. 

For simplicity, subset 58 and subset 60 could be 
designated, for selection by the system user, as providing a 
“quick” recalibration mode and a “comprehensive” recali 
bration mode, respectively. The comprehensive recalibration 
mode Would provide a broader sampling of data points 
throughout color space. Therefore, the comprehensive reca 
libration mode Would afford a higher likelihood of accuracy 
and rapid convergence because error minimiZation could be 
performed on a broader range of colors. For less stringent 
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requirements, however, the quick recalibration mode may be 
used. If the error value achieved by the quick recalibration 
mode is Within an acceptable range, there should be no need 
to continue recalibration. Thus, the quick recalibration mode 
can be used for either recalibration or for quality control, 
providing an indication of the error value for each proof. If 
the quick recalibration mode fails to yield an acceptable 
error value, hoWever, the comprehensive recalibration mode 
can be initiated. 

After the color patches have been formed, processor 14 
activates measuring device 42 to obtain a plurality of 
measured color values CV4 from each color patch, as 
indicated by block 72 of FIG. 3. The processor 14 then 
compares each of the measured color values CV4 to a 
corresponding one of the reference color values CV5 stored 
in reference color value memory 46, as indicated by block 
74. Comparison of measured color values CV4 to reference 
color values CV5 serves as a comparison of the uncalibrated 
condition of imaging system 10 to its calibrated condition. 
As indicated by block 76, processor 14 next calculates an 
error value for measured color values CV4. The error value 
represents the deviation of measured color values CV4 from 
reference color values CV5. 

As indicated by block 78, processor 14 determines Whether the error value is equal to or less than a predeter 

mined acceptable value, or (ii) Whether the error value is 
equal to or less than an error value calculated in a preceding 
iteration. If either condition or condition (ii) is true, the 
recalibration mode is stopped, as indicated by branch 80 and 
block 82. If condition is true, the recalibration mode has 
driven imaging system 10 to Within an acceptable error 
value range of the target color response. If condition (ii) is 
true, hoWever, the most recent iteration of the recalibration 
mode has produced an error value that is greater than the 
error value produced in the previous iteration. Thus, either 
the error value has been reduced as loW as possible, given 
the number of color space points used and the method of 
error minimiZation employed, or an error has occurred in the 
error minimiZation procedure. In either case, the recalibra 
tion mode is stopped and the system user is alerted. 

If conditions and (ii) are not true, the recalibration 
mode proceeds, as indicated by branch 84. The processor 14 
proceeds to minimiZe the error value, as indicated by block 
86, and adjusts one or more of input color values CV3 in 
color correction LUT 22 based on the minimiZed error value, 
as indicated by block 88. The processor 14 adjusts the input 
color values CV3 for each of the colorants independently of 
the adjustment of the input color values for the other 
colorants. Thus, the adjustment is one-dimensional, but 
relies on the error value calculated as a composite value for 
all color channels. As indicated by branch 90, the steps of the 
recalibration mode then are repeated, beginning With for 
mation of color patches based on the neWly adjusted input 
color values CV3. The iterative process continues until either 
of the conditions of block 78 is satis?ed, i.e., the error 
value is equal to or less than a predetermined acceptable 
value, or (ii) the error value is equal to or less than an error 
value calculated in a preceding iteration. 

The recalibration apparatus 12 and method of the present 
invention rely on a number of assumptions about imaging 
system 10. The assumptions enable determination of a 
minimal set of color space regions that must be optimiZed, 
and prediction of the effect of altering the linearity of the 
color channels on these color regions Without physically 
measuring all of the permutations of color channel adjust 
ments. The assumptions strike the balance betWeen ease of 
use, i.e., small number of patches formed and measurements 
made, and accuracy, i.e., small deviation from the target 
color response as a result of recalibration. The assumptions 
(a)—(f) can be summariZed as follows: 
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14 
(a) the imaging system 10 employs signi?cant color 

transformations in order to simulate the target imaging 
system. A“signi?cant” color transformation may mean, 
for example, that simulation of a targeted primary color 
by imaging system 10 requires substantial contamina 
tion of the primary color With another primary color. 
The contamination may be, for example, on the order of 
tWenty percent. 

(b) The primary change in color response due to differ 
ences in substrate materials, colorant materials, or 
hardWare is manifested by changes in tone response of 
the different colorants, such as cyan, magenta, yelloW, 
and black. The changes in tone response for each 
colorant may be, for example, as high as +/— ?fteen 
percent in certain areas. 

(c) Changes in color response clue to changes in the 
mutual interaction betWeen the color channels, e.g., 
CMYK, as they combine to form red, green, blue, gray, 
etc., are small relative to the changes in tone response 
discussed in assumption (b) above. A“small” change in 
the color response due to mutual interaction betWeen 
the color channels may be, for example, on the order of 
about 3—6 delta E. 

(d) Changes in color response due to changes in the 
spectral re?ectance of the color channels is small 
relative to the change in tone response discussed in 
assumption (b) above. Again, a “small” change in color 
response due to changes in spectral re?ectance may be, 
for example, on the order of abut 3—6 delta E. 

(e) Changes in the tone response of each colorant due to 
drift are smooth as a function of input gray value. Thus, 
a feW sample points having Widely spaced input gray 
values Will give a good indicator of the shifts in the 
color response function of imaging system 10. 

(f) The color transformation function employed has the 
property that for C=Y=M=0 and K>0 input, the domi 
nant output color channel is K With no more than 20% 
admixture of CMY output. The dominance of K for the 
above relationship ensures that K can be recalibrated 
using standard lineariZation techniques instead of the 
mathematically more complex error minimiZation tech 
nique used by the recalibration apparatus 12 and 
method of the present invention, to be described. 

The folloWing mathematical expressions provide a foun 
dation for discussion of the error minimiZation procedure 
carried out by the recalibration apparatus 12 and method of 
the present invention. It is assumed that some type of 
multidimensional color transformation is being performed 
Within color imaging system 10 to simulate the color 
response of a target imaging system. In the folloWing 
discussion, F2(x) represents the color response function of 
the target imaging system and F1(x) represents the color 
response function of imaging system 10. The general form 
for the color transformation function T(x) that transforms 
F1(x) to F2(x) can be represented by the folloWing expres 
s1ons: 

The use of bold type in the above expressions indicates a 
color space vector function or value. It is noted that the use 
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f L*,a*,b* in the above expression is purely exemplary, and 
is not intended to restrict the use of other system 
independent color space coordinate systems such as X,Y,Z. 
In the context of expression (1), it is assumed that imaging 
system 10 has been calibrated by the use of a multidimen 
sional transformation to achieve an acceptable visual match 
With a target imaging system being simulated. 

It is next assumed that a change or shift has occurred in 
the color response function of imaging system 10. The shift 
may have occurred due to changes in the material or 
hardWare used to create the image, or even due to system 
to-system variations for tWo systems of the same type. If the 
various assumptions described above are valid for imaging 
system 10, a one-dimensional correction to the input color 
values CV3 for each of the independent color channels, in 
accordance With the present invention, should be adequate to 
achieve substantially the same quality as the original cali 
bration represented in expression (1) above. 

Let F1(x) again be the original color response function of 
imaging system 10 after a calibration With transform T(x) 
has successfully been performed. In other Words F1(x) is 
equivalent to F2(x) for a calibrated condition of imaging 
system 10. Let F1‘(x) be the color response function of 
imaging system 10 due to a change or drift in materials or 
hardWare. The change or drift can be corrected by producing 
an adjusted color response as folloWs: 

(5) 

(6) 

Where LUT(x,a) is one-dimensional LUT being applied to 
the independent color channels and is of the form: 

and Where the vector “a” de?nes a group of adjustment 
parameters that indicate adjustments to be made to input 
color values CV3 in color correction LUT 22 at particular 
color space coordinates. 

If the second-order errors, i.e., errors in colors formed by 
admixed colorants, produced by imaging system 10 Were 
virtually Zero, and if the means of measurement Were 
perfectly accurate, then equations (5) and (6) Would become 
perfect equalities rather than approximations. This Would 
also imply that traditional lineariZation Would be adequate to 
correct the color response function. Because the second 
order errors may be on the order of 3—6 delta E or more, 
hoWever, equations (5) and (6) necessarily must remain 
approximations. Errors in the device used to measure color 
values CV4 plus errors caused by systematic non-uniformity 
across the color patches being measured further unbalance 
equations (5) and Thus, it is apparent that conventional 
one-dimensional lineariZation cannot adequately correct the 
color response function. 
By careful selection of adjustment parameters a, in accor 

dance With the present invention, hoWever, the color 
response function can be corrected With at minimal number 
of color space measurements. The selection of parameters a 
is related to the selection of the critical color space regions 
to be measured for an accurate recalibration. With assump 
tions (a)—(f) above, color science plus color experience in 
the area of digital color proo?ng can be applied to select the 
critical color space parameters to be optimiZed. 

Speci?cally, in the region from highlight to three-quarter 
tone, it is most critical to obtain the same gray balance as 
that obtained for the calibrated condition of imaging system 
10. In other Words, for best color response results, applica 
tion of one-dimensional LUT correction to the relative 
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values of the colorants, e.g., CMY, should result in L*a*b* 
values for three-color grays that are as similar as possible to 
the values measured in those areas for the calibrated con 
dition of imaging system 10. Thus, the color space param 
eters de?ned by vector a should include tertiary color space 
regions from highlight to at least midtone, and preferably to 
three-quarter tone. The highlight to three-quarter tone region 
is considered most critical for accurate gray balance due to 
the high sensitivity of the human eye to shifts aWay from 
neutral gray. 

In the region from three-quarter tone to maximum 
saturation, it is most critical to obtain the same color in the 
reds, greens, and blues as that obtained for the calibrated 
condition of imaging system 10. In other Words, application 
of one-dimensional LUT correction to the relative values of 
the colorants, e.g., CMY, should result in L* a*b* values for 
reds, greens, and blues that are as similar as possible to the 
values measured in those areas for the calibrated condition 
of imaging system 10. Thus, the color space parameters 
de?ned by vector a also should include the above primary 
color regions. The three-quarter tone to saturated region is 
considered most critical for reds, greens, and blues because 
although slight errors in C=M=Y=100% are not very notice 
able to the human eye due to the darkness of the color, 
imbalance of, for example, yelloW and magenta in red is 
noticeable. For some applications using little gray color 
removal (GCR), the three-quarter tone gray also is 
important, particularly for dark broWn colors. 
The optimiZation of the color space parameters de?ned by 

vector a can be accompanied by a separate single-channel 
recalibration of black using the form of equation (6) With 
patches Where K>0 and C=M=Y=0. If GCR is applied in the 
three-color grays as part of transformation T(x), hoWever 
one should initially optimiZe CMYK based on the color 
response function of the independent channels, i.e., by 
beginning With standard lineariZation techniques. Once the 
black channel is Within an acceptable range of calibration, 
optimiZation of admixed areas of color via adjustment of the 
a parameters should be performed as described beloW. 

Consider a set of N patches of predetermined CMYK 
values. Let the function F1(T(xi)) represent the original 
L*a*b* values for color patch “i” of imaging system 10 in 
the calibrated condition. Likewise, let the function Fi‘(T(xl-)) 
represent the L*a*b* values for color patch “i” of imaging 
system 10 in an uncalibrated condition. The a parameters 
can be found for the current system by minimiZing the error 
function. First, the a parameters are separated into uncali 
brated parameters a0, Which are constant, and the parametric 
changes Aa necessary to drive imaging system 10 back to its 
calibrated condition. Thus, parameter a can be expressed as: 

(8) 

The error function therefore can be expressed as: 

for i=1 to N. As long as the number of adjustment parameters 
is less than or equal to the number of color patches 
measured, there alWays Will exist a unique set of parameters 
a for Which the error function can be minimiZed. There are 

many standard methods for doing this minimiZation, such as 
minimiZation of the squares of the error and multiple linear 
regression. Note that such minimiZation methods are purely 
exemplary, and that any reasonable error function can be 
selected. Also note that aO may be adjustment values used in 
the original calibrated system, in Which case F1(T(x)) is 
actually F1(LUT(T(x), aO)), or aO may be values from a 



US RE38,180 E 
17 

previous iteration of the recalibration procedure. An 
example of the former Would be a situation in Which the user 
creates a custom set of reference data via adjustment of a 
previously calibrated condition. The custom set of reference 
data may correspond to a particular proof generated by the 
user. 

If Aa1 represents the adjustment to the a parameters that 
results in a minimum value of the error function, the error 
function can be expressed as: 

Err(Aal)=Minimum(Err(Aa)) (10) 
After determining the values of the parameters a1=aO+Aa1, a 
neW set of color patches can be generated using input color 
values CV3 adjusted With the color correction function 
LUT(x,a1). Thus, prior to generation of the neW set of color 
patches, input color values CV3 contained in color correc 
tion LUT 22 are adjusted according to the vector a1. After 
measuring color patches corresponding to those previously 
measured, a neW value for the error function Err(Aa) can be 
computed by substituting a1 for a0 and setting all values of 
Aa=0. If the value of the error function is deemed to be 
adequately small, recalibration is complete and successful. If 
the error value is reduced but not yet acceptable, the above 
procedure can be repeated. If the error value increases 
unexpectedly, hoWever, the system user can be alerted and 
the recalibration procedure stopped. The recalibration pro 
cedure may often require a number of iterations due to the 
inaccuracies of the color model used to calculate the cor 
rections required. The number of iterations is reduced as the 
model becomes a good predictor of hoW the system Will 
respond to one-dimensional corrections in the color chan 
nels. 

The recalibration apparatus and method of the present 
invention provide a number of advantages over the existing 
techniques such as either lineariZation or complete calibra 
tion. First, the recalibration technique of the present inven 
tion can be performed on a highly select group of critical 
patches. LineariZation simply optimiZes the color response 
functions of the color channels separately. The color chan 
nels generally represent non-critical colors, relative to grays, 
reds, greens, and blues. Second, the color values of the 
critical patches can be chosen Without regard to the design 
of the control parameters a. As an illustration, the control 
points for correcting each color channel CMYK may be set 
at 5%, 25%, 50%, 75%, and 90%. The critical color patches 
may be de?ned, hoWever, so as to give close to neutral gray 
balance for a calibrated system using input values of, for 
example, (5,3,3), (38,29,29), etc. in units of percent for 
(C,M,Y). The error minimiZation Will ensure that optimal 
values for the control points “a” Will result in optimal 
L*a*b* values at the designated patches. Typically, linear 
iZation requires measurements to be performed precisely at 
the locations of the control parameters. Third, the number of 
patches that must be measured can be orders of magnitude 
smaller than the number required by other existing calibra 
tion procedures for generating transforms, Which often 
exceed one-thousand measurements. The reduced number of 
color patches is made possible by careful selection of the 
particular color patches to include only the most critical 
color space regions. Fourth, each time the recalibration 
procedure is performed, an error value is obtained prior to 
calculating Aa. The error value can be used as a very 
objective and numerical evaluation of hoW successfully the 
tool has recalibrated the system relative to the original 
calibration performed. Thus, the recalibration apparatus and 
method of the present invention not only optimiZes the 
parameters de?ned by a, but also self-evaluates the color 
quality produced by such optimiZation. 
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18 
Conventional lineariZation Would tend to independently 

optimiZe the response of each dimension of color space. 
HoWever, the critical color space regions, i.e., highlight to 
midtone three-color grays, saturated red, saturated green, 
and saturated blue, are very different for the color space of 
imaging system 10 and the targeted imaging system. The 
recalibration apparatus 12 and method of the present inven 
tion consider the critical color space regions by sampling not 
the native color space of imaging system 10, but rather the 
targeted color space, i.e., the color space of the target 
imaging system after color transformation. This approach 
tends to mimic the behavior of the targeted imaging system. 
The error minimiZation procedure noW Will be described 

in greater detail. In the above mathematical expressions 
(5)—(10) for error minimiZation, the only portion containing 
variables to be optimiZed Was the function F1‘(LUT(T(xl-), 
aO+Aa))). This function indicates hoW the measured color 
value of L*a,b* for an uncalibrated system varies With 
changes in Aa. This function can be characteriZed and 
approximated in many different Ways One Way is to create 
a mathematical model for the physical imaging process. 
HoWever, this is generally dif?cult for non-halftone pro 
cesses. 

If the values of a0 and Aa are small relative to the possible 
range of values in the one-dimensional LUT, i.e., much 
smaller than 100%, the function F1‘(LUT(T(xl-),aO+Aa))) can 
be reWritten as: 

Where 

Because this model is only an approximation, more than one 
iteration may be required. The original color response func 
tion F1(x), representing the color response function prior to 
any deviation, is used instead of F1‘(x), the color response 
function after deviation occurs, to estimate hoW the output 
response Will change With Aa. The original color response 
function F1(x) can be used because a signi?cant amount of 
data exists for the calibrated condition, characteriZing the 
color response function at a particular point in time. 
Alternatively, a neW model for F1‘(x) can be devised based 
on the recent data, but making use of the original data for 

F1(x) can be in the form of an interpolated multi 
dimensional lookup table (CMYK->L*a*b*), or in the form 
of multidimensional splines or polynomials. Note that While 
F1(x) is an interpolated function that estimates the depen 
dence of L*a*b* on (C,M,Y,K), the expression F1(LUT(T 
(xi),ao)) refers to the actual measured reference L*a*b* data 
associated With patch number “i” just as Fl‘(LUT(T(xl-),ao)) 
refers to the actual uncalibrated L* a*b* data associated With 
patch number “i”. 
Aunique set of reference data can be stored for each color 

transform utiliZed in the system. Whether the color trans 
form is provided by the supplier or generated on site by the 
user, a particular color calibration can be “locked in” by 
measuring the predetermined set of patches, averaging 
across sheet to minimiZe systematic errors, and storing the 
data in association With the particular color transform. 
Further, if the user Wishes to make slight one-dimensional 
adjustments to an existing calibrated system, to make the 
gray balance slightly more red or green, for example, the 
user can do so according to personal preferences by gener 
ating the required measurement patches, and “locking in” on 
the slightly modi?ed color calibration. For Whatever values 
are stored during the reference setting procedure, the reca 
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libration procedure Will endeavor to drive the system back to 
its original calibrated condition via one-dimensional LUT 
correction. 

Other Ways of characterizing F1‘(LUT(T(xl-),aO+Aa))) by 
updating an old model With a neW model can be easily 
devised. For example, an updated set of values can be 
estimated for the interpolated table mentioned above. 
Alternatively, the CMYK values could be processed to 
account for drift prior to indexing into the table. As a further 
alternative, a non-table based model could be used, subject 
to appropriate updating. The color function F1‘(LUT(T(xi), 
aO+Aa))), con?gured generally as described herein, can be 
easily used to minimiZe the total error Err(Aa). With more 
accurate characteriZations of F1‘(T(xi),aO+Aa))), hoWever, 
feWer patches and feWer iterations could be required to 
achieve a certain level of color response quality. 

The folloWing non-limiting examples are provided to 
further illustrate the recalibration apparatus and method of 
the present invention. 

EXAMPLE 1 

A CMYK proof of an image Was made using the 3M 
RainboWTM digital proo?ng system as imaging system 10. 
The color imaging system targeted by the 3M RainboW 
system Was the 3M MatchprintTM III proo?ng system. The 
proof Was generated by ?rst selecting the MP3 color trans 
form in the color management softWare provided With the 
3M RainboWTM digital proo?ng system. The MP3 color 
transform Was in the form of a multi-dimensional color 
transformation LUT, such as LUT 20 in FIG. 1. The MP3 
color transform implemented a color transformation func 
tion for simulation of the 3M MatchprintTM III proo?ng 
system. Application of the MP3 color transform to input 
color values CV1 produced color-transformed input color 
values CV2. Manual adjustments then Were made to input 
color values CV2 via a color correction LUT, such as LUT 
22 in FIG. 1, to produce input color values CV3 suf?cient to 
produce an acceptable visual match betWeen the output of 
the 3M RainboWTM imaging system and the target 3M 
MatchprintTM III imaging system. The color correction LUT 
contained a set of one-dimensional color correction LUT’s 
referred to collectively as LUT(x,a) in mathematical expres 
sions (6)—(13) above. The control points a for adjusting the 
color correction LUT to modify the color response of the 
independent CMYK channels Were chosen to reside at 
intensity values of 5%, 25%, 50%, 75%, and 100% for each 
color channel. A value of 0% of any of the control points 
indicated no adjustment to the input gray level value. 

A set of color patches Was formed and measured. The set 
of color patches conformed to set 60 used in the compre 
hensive calibration mode described above With reference to 
FIGS. 2 and 3. The set 60 of color patches includes a ?rst set 
conforming to set 58 and a second set conforming to set 62 
also described With reference to FIGS. 2 and 3. The ?rst set 
58 of patches Were seven in number (not including the 
unimaged substrate patch no. 1) and included patches 
formed on the 3M RainboWTM system With the folloWing 
CMYK values: 

Patch No. C M Y K 

1 0 0 0 0 
2 5 3 3 0 
3 12 8 8 0 
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-continued 

Patch No. C M Y K 

4 38 29 29 0 
5 82 73 73 0 
6 0 100 100 0 
7 100 0 100 0 
8 100 100 0 0 

The second set 62 of patches Were ?fteen in number and 
included patches formed on the 3M RainboWTM system With 
the folloWing CMYK values: 

Patch No. C M Y K 

9 5 0 0 0 
10 25 0 0 0 
11 50 0 0 0 
12 75 0 0 0 
13 100 0 0 0 
14 0 5 0 0 
15 0 25 0 0 
16 0 50 0 0 
17 0 75 0 0 
18 0 100 0 0 
19 0 0 5 0 
20 0 0 25 0 
21 0 0 50 0 
22 0 0 75 0 
23 0 0 100 0 

Thus, the overall set 60 of color patches numbered tWenty 
tWo in total, discounting the unimaged substrate patch. 

To begin the recalibration procedure, the reference setting 
procedure Was ?rst performed on the acceptable reference 
proof generated by the 3M RainboWTM system. All tWenty 
tWo color patches Were imaged in three vertical strips. 
Although each of the tWenty-tWo patches Was printed three 
times, only tWenty-tWo different color patches Were formed. 
The color patches in each of the three vertical strips Were 
measured using a Gretag SPM 50 color measuring device 
using the metric L*a*b*. The values for corresponding 
patches in the three vertical strips Were averaged and saved 
in a reference color value memory in association With the 
particular color transformation that Was used, Which in this 
example Was MP3. The averaging Was performed across the 
Width to account for cross-Width variability in the charac 
teristics of the substrate and/or printing mechanism. 

For simplicity, the black color channel Was not measured 
or recalibrated. Because the black color channel is not 
signi?cantly affected by the color transformation process, as 
discussed in assumption above, black can be recalibrated 
using standard lineariZation techniques. Thus, for a ?nal 
product one Would measure and recalibrate the black using 
standard lineariZation techniques. HoWever, the purpose of 
this example is to shoW hoW to recalibrate CMY, in accor 
dance With the present invention, having already recali 
brated K, Whether the critical color space regions contain 
under color removal (UCR) black or not. In this example, 
UCR Was set to about 50%, resulting in comparable levels 
of K output relative to CMY in color space regions for color 
input values CzMzY, K=0. 

After obtaining the reference color values, a test of the 
recalibration apparatus and method of the present invention 
Was performed. First, a neW test image Was generated using 
the same color transform used for the reference setting 
procedure, i.e., the MP3 color transform in the color man 
agement softWare provided With the 3M RainboWTM system. 
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However, a completely different set of color correction LUT 
input color values a0 Was used. The initial values a0 Were 
intentionally altered from the optimal values used during the 
reference setting procedure to stimulate a severely uncali 
brated system. 

After measuring the average color values for each of the 
tWenty-three color patches, including the unimaged patch, 
the RMS error value Was obtained by calculating the stan 
dard deviation of the difference betWeen the measured color 
values for the recently measured patches and the reference 
color values for the color patches measured in the reference 
setting procedure. The resulting error value can be referred 
to as “Err.” If the value of Err had been acceptably loW, there 
Would have been no need to continue recalibration, and the 
user could have been informed that the system is in accept 
able calibration. Because the value of Err Was too high, and 
Was less than the value of a previously calculated Err, the 
system calculated neW values for a by error minimiZation, as 
represented by: 

a1=a+Aa (12) 

PoWell’s method Was used to perform the error minimization 
in this eXample. An eXample of PoWell’s method is dis 
cussed in Numerical Recipes in C, W. Press, pages 309—315. 
The neW values a1 Were used to adjust the one-dimensional 
LUT’s of color correction LUT 22, referred to above as 
LUT(X,a). This procedure Was iterated three times until the 
value of the error value Err ceased to be reduced, and Was 
approximately 1 delta E in value. Asummary of the average 
delta E error for all tWenty-three color patches relative to the 
reference proof is shoWn below: 
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Values After Three Iterations of the Recalibration 

Procedure 

Level 

16 64 128 196 255 

Cyan 3 1O 7 4 O 
Magenta 2 —5 —1 O 0 
Yellow —1 —1 O 2 0 
Black -1 0 0 0 0 

Aproof Was printed With adjusted a parameters produced by 
three iterations of the comprehensive, recalibration mode, 
and judged to be acceptable. As indicated above, the ?nal 
adjusted a parameters closely resemble those of the original 
calibrated proof. 

EXAMPLE 2 

A recalibration procedure substantially similar to that 
described With respect to EXAMPLE 1 above Was per 
formed using the quick recalibration procedure described 
With reference to FIGS. 2 and 3. The quick recalibration 
procedure required the formation of only seven color 
patches, and the measurement of only eight, including the 
unimaged substrate patch. The results of the quick recali 
bration mode Were similar to those of the comprehensive 
calibration mode, but slightly less accurate. The results are 
set forth beloW: 

35 Average AE 

Average AE Uncalibrated Proof 2.37 
Recalibrated Proof (Three Iterations) 0.92 

Uncalibrated Proof 3.49 
Recalibrated Proof (Three Iterations) 0.69 

as the color model F1‘(X) is improved, the above results Will 
40 improve. Also, a convergence parameter can be employed to 

The Values of the “215, parameters also are Shown below: implement only a partial correction, thereby reducing the 
effects of noise plus error in F1‘(X). 

Original Values in Reference Proof 
EXAMPLE 3 

45 
A recalibration procedure substantially similar to that 

Level described With respect to EXAMPLES 1 and 2 above Was 
performed using the comprehensive recalibration procedure 

16 64 128 196 255 described With reference to FIGS. 2 and 3. In this 

Cyan 3 9 6 2 0 50 EXAMPLE, a ?rst 3M RainboWTM color proofer (“proofer 
Magenta 2 —4 —1 0 0 1”) Was recalibrated using a reference data target created on 
gin?’ ‘1 ‘1 O 2 O a different 3M RainboWTM proofer (“proofer 2”). Proofer 1 

ac _1 O O 0 Was at the loW end of color response tolerance for a 3M 

RainboWTM proofer. In this EXAMPLE, the black color 
55 channel Was recalibrated in parallel With the CMY channels. 

Original Values in Uncalibrated Proof The black Was essentially recalibrated to an acceptable level 
after one iteration and the CMY channels Were found to 
shoW no further improvement in recalibration after three 
iterations. 

Level 60 FIG. 4 is a color space plot illustrating relative color 
16 64 128 196 255 responses of proofer 1 and proofer 2, as represented by red, 

green, blue, and yelloW coordinates, prior to application of 
Cyan -5 1 -2 ‘6 ‘8 the recalibration procedure. In FIG. 4, the uncalibrated color 

shgigjvrita j _Z 3 _j g response of proofer 1 is indicated by plot 92, and the target 
Black _1 O O O O 65 color response of proofer 2 is indicated by plot 94. FIG. 4 

shoWs signi?cant colorimetric differences betWeen the color 
response of proofer 1 and the color response of proofer 2. 
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FIG. 5 is a color space coordinate plot illustrating relative 
color responses of proofer 1 and proofer 2 upon application 
of the comprehensive recalibration method described With 
reference to FIGS. 2 and 3. The recalibrated color response 
of proofer 1 is indicated by plot 96, and the target color 
response of proofer 2 again is indicated by plot 94. FIG. 5 
shoWs the effectiveness of the recalibration procedure of the 
present invention in driving the color response of uncali 
brated proofer 1 toWard the target color response of proofer 
2 in only three iterations. 

Having described the exemplary embodiments of the 
invention, additional advantages and modi?cations Will 
readily occur to those skilled in the art from consideration of 
the speci?cation and practice of the invention disclosed 
herein. Therefore, the speci?cation and examples should be 
considered exemplary only, With the true scope and spirit of 
the invention being indicated by the folloWing claims. 
What is claimed is: 
1. A computer readable medium encoded With a computer 

program arranged such that, upon execution of the computer 
program, a processor performs a method for recalibrating a 
multi-color imaging system, Wherein the imaging system is 
capable of forming different colors based on input color 
values, and Wherein the input color values control amounts 
of the colors formed by the imaging system, the method 
comprising: 

controlling the imaging system to form different color 
combinations by combining tWo or more of the differ 
ent colors; 

controlling a measuring device to measure color values 
for each of the different color combinations; 

comparing each of the measured color values to corre 
sponding reference color values, the reference color 
values representing a calibrated condition of the imag 
ing system; 

calculating an error value representing a deviation of the 
measured color values from the reference color values; 
and 

adjusting one or more of the input color values to reduce 
the error value to a predetermined degree, Wherein the 
adjustment of the input color values for one of the 
colors is performed independently of the adjustment of 
the input color values for others of the colors. 

2. The computer medium of claim 1, Wherein the adjust 
ing act further includes: 

accessing a color correction lookup table, Wherein the 
color correction lookup table has a plurality of 
dimensions, each of the dimensions mapping at least a 
collection of the input color values to corrected input 
color values for one of the different colors, and 

adjusting the corrected input color values of the correction 
lookup table to reduce the error value to the predeter 
mined degree. 

3. The computer readable medium of claim 1, Wherein one 
or more of the different color combinations includes a 
combination of at least three of the different colors. 

4. The computer readable medium of claim 1, Wherein the 
different color combinations consist of less than seven 
different color combinations. 

5. The computer readable medium of claim 1, Wherein the 
different color combinations consist of less than eight dif 
ferent color combinations. 

6. The computer readable medium of claim 1, Wherein the 
different color combinations consist of less than nineteen 
different color combinations. 

7. The computer readable medium of claim 1, Wherein the 
different color combinations consist of less than tWenty 
three different color combinations. 
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8. The computer readable medium of claim 1, Wherein: 
one of the different color combinations includes a com 

bination of at least three of the different colors in 
highlight-tone amounts, 

one of the different color combinations includes a com 
bination of at least three of the different colors in 
quarter-tone amounts, and 

one of the different color combinations includes a com 
bination of at least three of the different colors in 
mid-tone amounts. 

9. The computer readable medium of claim 8, Wherein one 
of the different color combinations includes a combination 
of at least three of the different colors in three-quarter tone 
amounts. 

10. The computer readable medium of claim 9, Wherein: 
each of a ?rst subset of the different color combinations 

includes a single one of the different colors in a 
highlight-tone amount, 

each of a second subset of the different color combina 
tions includes a single one of the different colors in a 
quarter-tone amount, and 

each of a third subset of the different color combinations 
includes a single one of the different colors in a 
mid-tone amount. 

11. The computer readable medium of claim 10, Wherein 
each of a plurality of the different color combinations 
includes a single one of the different colorants in a three 
quarter tone amount. 

12. The computer readable medium of claim 8, Wherein: 
one of the different color combinations includes a com 

bination of a ?rst and a second of the different colors in 
saturated-tone amounts, 

one of the different color combinations includes a com 
bination of the ?rst and a third of the different colors in 
saturated-tone amounts, and 

one of the different color combinations includes a com 
bination of the second and the third of the different 
colors in saturated-tone amounts. 

13. The computer readable medium of claim 1, Wherein: 
one of the different color combinations includes a com 

bination of a ?rst and a second of the different colorants 
in saturated-tone amounts, 

one of the different color combinations includes a com 
bination of the ?rst and a third of the different colorants 
in saturated-tone amounts, and 

one of the different color combinations includes a com 
bination of the second and the third of the different 
colorants in saturated-tone amounts. 

14. The computer readable medium of claim 1, Wherein 
the different colors comprise cyan, magenta, yelloW, and 
black colorants. 

15. The computer readable medium of claim 1, Wherein 
the act of controlling the measuring device includes con 
trolling the measuring device to measure the color values in 
one of a plurality of system-independent color coordinate 
systems including L*a*b* and XYZ. 

16. The computer readable medium of claim 1, Wherein 
the act of controlling the measuring device includes con 
trolling the measuring device to measure the color values in 
one of a plurality of system-dependent color coordinate 
systems including RGB and density CMY, the method 
further comprising converting the measured color values 
into one of a plurality of system independent color coordi 
nate systems including L*a*b* and XYZ. 

17. A method for recalibrating a multi-color imaging 
system, wherein the imaging system is capable of outputting 
di?erent colors based on input color values, the method 
comprising: 
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forming different color combinations, wherein one or 
more of the different color combinations includes at 
least tWo of the different colors; 

measuring color values for each of the different color 
combinations; 

comparing each of the measured color values to corre 
sponding reference color values that represent a cali 
brated condition of the imaging system; 

calculating an error value that represents a deviation of 
the measured color values from the reference color 
values; and 

adjusting one or more of the input color values to reduce 
the error value to a predetermined degree, Wherein the 
adjustment of the input color values for one of the 
colors is performed independently of the adjustment of 
the input color values for others of the colors. 

18. The method of claim 17, Wherein the forming act 
includes forming one or more of the different color combi 
nations by a combination of at least three of the different 
colors. 

19. The method of claim 17, Wherein the forming act 
includes: 

forming one of the different color combinations by a 
combination of at least three of the different colors in 
highlight-tone amounts, 

forming one of the different color combinations by a 
combination of at least three of the different colors in 
quarter-tone amounts, 

forming one of the different color combinations by a 
combination of at least three of the different colors in 
mid-tone amounts, and 

forming one of the different color combinations by a 
combination of at least three of the different colors in 
three-quarter tone amounts. 

20. A computer readable medium encoded With a com 
puter program arranged such that, upon execution of the 
computer program, a processor performs a method for 
recalibrating a multi-color imaging system, the imaging 
system con?gured to output colors based on corresponding 
input color values, the method comprising: 

controlling the imaging system to form different color 
combinations, Wherein one or more of the different 
color combinations includes at least tWo of the different 

colors; 
controlling a measuring device to measure color values 

for each of the different color combinations; 
comparing each of the measured color values to corre 

sponding reference color values that represent a cali 
brated condition of the imaging system; 

calculating an error value that represents a deviation of 
the measured color values from the reference color 
values; and 

adjusting one or more of the input color values to reduce 
the error value to a predetermined degree, Wherein the 
adjustment of the input color values for one of the 
colors is performed independently of the adjustment of 
the input color values for others of the colors. 

21. The computer readable medium of claim 20, Wherein 
one or more of the different color combination includes a 
combination of at least three of the different colors. 

22. The computer readable medium of claim 20, Wherein: 
one of the different color combination includes a combi 

nation of at least three of the different colors in 
highlight-tone amounts, 

one of the different color combinations includes a com 
bination of at least three of the different colors in 
quarter-tone amounts, 
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one of the different color combinations includes a com 

bination of at least three of the different colors in 
mid-tone amounts, and 

one of the different color combination includes a combi 
nation of at least three of the different colors in three 
quarter tone amounts. 

23. A method comprising: 
forming color combinations by outputting two or more 

colors on an output device based on corresponding 
input color values; 

receiving information characterizing a color response of 
the output device; and 

adjusting one or more of the input color values based on 
the received information, 

wherein the adjustment of the input color values for one of 
the colors is performed independently of the adjustment of 
the input color values for others of the colors. 

24. The method of claim 23 wherein the information is a 
color value for at least one of the color combinations, and 
further wherein adjusting the input color values comprises: 

comparing the color value to a corresponding reference 
color value,‘ and 

calculating an error value representing a deviation of the 
color value from the reference color value. 

25. The method of claim 23 wherein receiving color 
information includes measuring the color values for each of 
the color combinations. 

26. The method of claim 23, wherein forming color 
combinations includes printing color patches on a substrate. 

27. The method of claim 23, wherein adjusting the input 
color values includes: 

accessing a color correction lookup table, wherein the 
color correction lookup table has a plurality of 
dimensions, each of the dimensions mapping at least a 
collection of the input color values to corrected input 
color values for one of the dijferent colors, and 

adjusting the corrected input color values of the correc 
tion lookup table to reduce the error value to the 
predetermined degree. 

28. The method of claim 23, wherein one or more of the 
dijferent color combinations includes a combination of at 
least three of the dijferent colors. 

29. The method of claim 23, wherein the dijferent color 
combinations consist of less than seven dijferent color 
combinations. 

30. The method of claim 23, wherein the dijferent color 
combinations consist of less than eight dijferent color com 
binations. 

31. The method of claim 23, wherein the dijferent color 
combinations consist of less than nineteen dijferent color 
combinations. 

32. The method of claim 23, wherein the dijferent color 
combinations consist of less than twenty-three dijferent color 
combinations. 

33. The method of claim 23, wherein,‘ 
one of the dijferent color combinations includes a com 

bination of at least three of the dijferent colors in 
highlight-tone amounts, 

one of the dijferent color combinations includes a com 
bination of at least three of the dijferent colors in 
quarter-tone amounts, and 

one of the dijferent color combinations includes a com 
bination of at least three of the dijferent colors in 
mid-tone amounts. 

34. The method of claim 33, wherein one of the dijferent 
color combinations includes a combination of at least three 
of the dijferent colors in three-quarter tone amounts. 






