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these areas. Resolution of PQ defect issues is among the
most challenging of support problems because of the
difficulty of providing an unambiguous description of
the PQ defects. A representative image of the defect is
one of the most effective ways to do this.

These images are typically generated either from an
illustrator’s rendering of the defect, or by scanning a print
that contains the defect. The illustrator’s rendering is
often too simplistic to effectively convey the appearance
of the defect in an actual print. The scanning based ap-
proach also has limitations. First, because of the low con-
trast and/or fine structure of the PQ defect, scanning may
not capture well its characteristics. Second, the content
of the page on which the defect occurs may confound the
customer’s understanding of what the defect looks like.
For example, a defect consisting of repeated vertical
bands may be printed on a page used for testing in the
manufacturer’s laboratory that consists of vertical blocks
with different colors. The customer may have trouble dif-
ferentiating between the features of the defect and those
of the test page. Third, the best example of the defect
may be observed on content provided by a customer
through a beta test program or as part of issue resolu-
tion shortly after the product is introduced in the mar-
ketplace. For reasons of confidentiality, this example may
not be useable to illustrate the PQ defect.

Simulation of the PQ defect based on characteriza-
tion and modeling of the defect overcomes all these prob-
lems. The defect can be placed on any image content
that is desired. This content can be chosen to make the
defect most visible and unambiguous. The defect can be
modified to maintain a consistent appearance across
different formats: an image at an on-line support site
that is viewable in a web browser, a full page print
sample provided in a training class for service techni-
cians, a figure in the user’s manual for the product, or a
thumbnail in a table cataloging a set of possible defects.

Introduction
Print quality (PQ) defects of laser printers are artifacts
that degrade the quality of printed images, which are
generated by the electrophotographic process and/or
print mechanism. The simulation of print quality de-
fects is a process in which an image is degraded by artifi-
cially generated structures to create an impression of
real defects when the image is viewed or printed. Why
simulate PQ defects? In fact, there are a number of rea-
sons why simulation of PQ defects is of considerable
benefit. In an increasingly competitive marketplace,
improvement of service and support processes is an im-
portant way for a manufacturer to increase profitabil-
ity. This problem can be attacked on three fronts: (1)
improve communication between the customer and the
call center agent, (2) enable the customer to resolve the
problem on his or her own, and (3) provide the capabil-
ity to autonomously determine the cause of the issue.
PQ defect simulation has a role to play in all three of
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PQ defect simulation is also an important tool for re-
search and development. The design of test pages to aid
the user in identifying PQ defects1 is aided consider-
ably by the capability to simulate how print quality de-
fects would appear on these pages. In order to study the
perception of a particular PQ defect, it is important to
be able to present it to the observer at a number of dif-
ferent levels of strength and in the presence of a num-
ber of different image contents.2,3 Finally, development
of algorithms for automatic detection and identification
of PQ defects4 similarly requires the capability to pro-
vide a number of different instantiations of each defect.

PQ defects can be caused by the non-ideal charac-
teristics of the marking process and print mechanism
or by a damaged or contaminated printer component.
We consider nine print defects as they are most com-
monly encountered in prints from laser printers: fine
pitch banding, scan axis streaks, randomly scattered
white specks, toner bubble marks, repetitive marks,
repetitive coarse-pitch bands, ghosting, color plane
registration error, and temporal color inconsistency.
These defects may be categorized into three groups in
terms of spatial characteristics and/or simulation meth-
ods: 1) defects of uniformity, 2) random marks or re-
petitive artifacts, and 3) color defects. The defects in
the first group produce visible density variations ap-
pearing as fine pitch banding or scan axis streaks in
constant tone areas. The second group has two differ-
ent types: one is random and the other is repetitive.
The former appears as randomly distributed dots or
smudges, while the latter shows repetitive marks with
a fixed interval. While defects of the first and second
groups may be characterized by unique spatial features
such as localized marks, or fine pitch banding that oc-
curs throughout halftone areas, not all defects in the
third group have distinctive spatial characteristics. For
example, poor color consistency is manifest by an over-
all shift in the color rendering of a page. Another com-
mon defect belonging to this group is a failure of color
plane registration, which is most often noticed as a halo
or shadowing around text. While this is a spatial ef-
fect, its geometry is determined by the image context
and not by the defect itself.

The defects of uniformity are indigenous to the mark-
ing process and print mechanism associated with laser
printer, and are seen to varying degrees with all laser
printers. Thus, these defects have been especially widely
studied. Fine pitch banding has been investigated by
using Fourier analysis.5,6 and characterized by using a
first-order geometry-based printing model,7 or a 1D pe-
riodic signal model.8 Researchers have found that a
major cause of fine pitch banding is the velocity fluc-
tuations of the optical photoconductor (OPC) drum,
which results in non-uniform line spacing.5,7,9,10 Another
defect of this group is scan axis streaks, which are not
periodic but rather are isolated and randomized in oc-
currence. Isolated steaks have been simulated with a
Gaussian profile, and randomized streaks have been
simulated using a 1/f noise model,11 Both fine pitch band-
ing and scan axis streaks have been quantified by de-
veloping a spectral separation technique to estimate
individual noise power spectra.8

Randomly scattered specks and repetitive marks are
common PQ defects which belong to the second group.
These two defects can be differentiated from each other
by their spatial distribution. Ghosting is also consid-
ered to be a PQ defect in this group by virtue of its re-
petitiveness. The causes of ghosting have been identified
and a method presented to analyze it in the frequency

domain by using a ghosting test target page.12 Percep-
tual measurement of ghosting has also been based on
psychophysical experiments.13

Other than PQ defects or artifacts associated with la-
ser printers, film graininess has been simulated for a
range of severities and used in a ruler for measurement
of graininess by visual inspection.14 In the medical imag-
ing area, tumors have been simulated by using a
Gaussian radial profile and superimposed on clinical
gamma ray images to test a tumor detection system.15

Also, a framework for modeling and predicting anatomi-
cal deformations has been presented and tested on simu-
lated images.16 In this work, training samples were used
to statistically model the shape of the deformation. Fi-
nally, the shape of lesions has been modeled and simu-
lated in computer tomography images; and the simulated
data have been used to develop a computer-aided algo-
rithm that detects colonic polyps and lung nodules.17

We can categorize the approaches for the modeling of
imaging defects or artifacts into two groups. One is to
model the imaging system which generates the defects,
and the other is to model the imaging defects themselves
based on their own characteristics, while considering
the imaging system as a black box.

In the first approach, the imaging system is modeled
and characterized in a framework that specifies the re-
lationship between the artifact quantified by the physi-
cal image parameters and the corresponding system
parameters. For example, the image capture system can
be modeled in terms of its components such as the col-
lecting optics, image sensors, and other associated me-
chanical and/or electrical devices. Then the physical
parameters of the artifact such as noise and blur,18–20 and
optical aberrations21,22 are modeled and characterized and
associated with appropriate sub-systems in the system
modeling process. These models can be used as the basis
for correcting distortions, enhancing image quality, and
simulating artifacts. For example, in the domain of print-
ing, the electrophotographic process has been modeled
in terms of the laser beam intensity profile, exposure of
the organic photoconductor, and the resulting absorp-
tance on the paper. This model has then been embedded
into the direct binary search halftoning algorithm.23

On the other hand, the second approach considers the
imaging system as a black box. It can be extremely dif-
ficult to accurately model the process whereby malfunc-
tions in an imaging system generate defects. In this case,
we can characterize the defect by extracting its profile
and analyzing the relevant physical image parameters
such as tone dependency, spatial distribution, or geo-
metrical shape of the defect, without directly specifying
the characteristics of the system that gave rise to the
corresponding defect.

Although considerable research has been devoted to
analyzing many types of image quality artifacts and PQ
defects, little attention has been paid to simulating the
PQ defects. In this article, we characterize a set of PQ
defects which are common in color laser printers. These
defects can be observed with both multipass and in-line
laser printers. Except as noted, the appearance of each
defect is not specific to either printer architecture.

The printer system which generates a defect can be
modeled and simulated in hardware. For example, la-
ser printing systems have been modeled to analyze and
reduce fine pitch banding by controlling a system param-
eter which is the velocity of the optical photoconductor.9,24

Also fine pitch banding has been modeled and simulated,
and its strength has been measured by psychophysical
experiments which provides the perceptual goodness of



Simulation of Print Quality Defects                 Vol. 49, No. 1, January/February 2005  3

image quality (or badness of the defect) as a function of
physical image parameters.3 However, only one defect
is modeled and simulated in each of the Refs. 3, 9 and
24. Instead of modeling one defect by relating percep-
tual goodness to a system parameter, we use a general
approach to characterize and simulate various types of
PQ defects in this article.

Based on the measurement and characterization of
each defect, we describe a simulation procedure for add-
ing the defect to a continuous tone image. Aside from
the solutions developed for the specific PQ defects con-
sidered in this article, we describe a general framework
for PQ defect simulation, and illustrate the application
of a range of tools from signal processing, geometry, and
stochastic modeling to the simulation of PQ defects.
Except as noted, we consider for simplicity only the case
of a three color printer, although the concepts discussed
herein may readily be extended to the four-color case.

The rest of the article is organized as follows. In the
next section, we describe a general framework for char-
acterization and simulation of PQ defects. Following
that, we discuss how to simulate defects of uniformity.
Then, we present methods for simulating the defects of
random marks and repetitive artifacts. Finally, we de-
scribe the procedure for simulating color defects. In this
article, we will use the letters C, M , and Y to denote
the colors of cyan, magenta, and yellow, respectively.

General Framework for Simulation of PQ Defects
To simulate a defect in a continuous tone image with
arbitrary content, we perform the following steps. First,
we characterize the defect by measuring its features
such as the shape and spatial distribution of the de-
fect marks, or tone dependency of the defect. We mea-
sure the features from images captured by scanning
prints containing the defect. This approach may ap-
pear to contradict our earlier discussion of the weak-
ness of using scanned samples of PQ defects, which may
result in a poor quality defect reproduction. Our ap-
proach here is to parameterize or obtain a prototype of
the defect, which is faint in many cases. This allows
us the flexibility to modify the contrast or distinctive-
ness of the defect for further defect reproduction. Also,
by extracting the prototype of the defect from the
scanned sample, we can incorporate the defect onto an
arbitrary background.

In our work, we use a flatbed scanner (Heidelberg
Saphir Ultra2: Heidelberg USA, Inc., Kennesaw, GA
30144) and convert the scanner values to units of ab-
sorptance via a scanner calibration curve. We then build
a simulation model for the defect based on the measure-
ments. The model specifies a simulation procedure which
shows how to synthesize the defect within a continuous
tone image. The simulation model also contains a set of
simulation parameters to control the severity of the de-
fect. Most of the defects belonging to the first and second
groups require a defect profile which is synthesized in
an input image during the simulation process. A defect
profile is generally described by its geometrical shape
and/or the absorptance variation of the defect.

There are two different approaches to generating a
defect profile. The first is the stochastic model based
approach, and the second is the prototype sample based
approach. The first approach characterizes an entire en-
semble of scanned defect samples by extracting promi-
nent features from these samples. Those features are
characterized in terms of the parameters of a geometri-
cal model. This allows us to capture the natural varia-
tion in the appearance of the defects across the page.
However, it is difficult to model the geometrical shape
of some defects, especially if the shape of the defect mark
is very complex or we cannot collect a sufficient num-
ber of defect samples to support a statistical analysis.
In our study, we use the stochastic model based approach
to simulate the defects of randomly scattered white
specks, toner bubble marks, and repetitive coarse-pitch
bands, all of which are described in the Simulation of
Random Marks and Repetitive Artifacts section.

On the other hand, the second approach uses a defect
prototype which we generate from a scanned image of
an actual defect sample. Since we can generate an ac-
curate defect profile from one real defect sample by us-
ing this approach, it may be considered to be a desirable
approach when we have only one or a limited number of
defect samples. However, we have no basis for generat-
ing other profiles in the simulation process than those
captured as defect prototypes. This may result in lack
of representativeness; so a simulated defect may look
very different from what users may encounter in the
field. We use the prototype sample-based approach to
simulate fine pitch banding and scan axis streak de-
fects which we describe in the Simulation of Defects of

Figure 1. General framework for the characterization and simulation of PQ defects.This procedure is common to all the defects
described in this article.



4  Journal of Imaging Science and Technology®        Jang and Allebach

Uniformity section, and to simulate the defect of repeti-
tive marks described in the Simulation of Random
Marks and Repetitive Artifacts section.

The block diagram in Fig. 1 depicts the general frame-
work for the characterization and simulation procedure,
which is common to all the defects described in this ar-
ticle. The input to this simulation process is an RGB
continuous tone image, which is converted into a CMY
continuous tone image. Since the simulation methods
described in this article are not specific to a particular
printer, we use the simple transformation from RGB
space to CMY space given by

[C M Y]t = [1 1 1]t - [R G B]t, (1)

where 0 ≤ R, G, B ≤ 1, and the superscript t denotes
transpose. We can easily replace this by the transfor-
mation for a particular printer, if desired. After the color
space conversion, we separately synthesize the defect
features for each of the CMY color planes. Finally we
convert back to RGB. In this article, we will use the
term normalized digital value to indicate the CMY color
value ai ∈ [0, 1], i = C, M, and Y. We will omit the sub-
script when there is no possibility of confusion.

Simulation of Defects of Uniformity
The defects of uniformity are print artifacts that are
easily noticed in nominally uniform areas. In this sec-
tion, we will show how to simulate fine pitch banding
and scan axis streaks, which are very common defects
of laser printers.

Fine Pitch Banding
In an electrophotographic laser printer, a laser beam is
scanned across the surface of an OPC drum in a direc-
tion perpendicular to the motion of the OPC drum. Since
the velocity of the OPC drum generally varies with time,
its vibratory motion causes the raster lines on the sur-
face of the drum to be unevenly spaced.7,9 These raster
position errors result in density variation in the paper
process direction, which appears as tightly packed lines
as shown in Fig. 2.

Banding is more prominent at certain tone levels than
at others. We developed a measurement method for char-
acterizing this tone dependency. We obtain the Banding
Tone Dependency Function (BTDF) by the following steps:

1. A test target page consisting of solid bars at twenty
different normalized digital values (a = 0.05, 0.10,
0.15, ..., 1.00) is generated and saved in TIFF file
format. The size of each bar is 5.4 in × 0.5 in.

2. We print ten test target pages from a laser printer
using the halftone technique provided by the printer
driver.

3. We scan the printed test target pages at 600 dpi, and
crop each test bar to avoid edge effects. We then
convert the scanner values to absorptance values by
using a scanner calibration curve.

4. For a given tone a, we obtain the 1D segment ga
(l)[n]

by averaging each column of scanned data ga
(l)[m,n]

perpendicular to the paper process direction as
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where M is the number of points per segment
perpendicular to the paper process direction, and l is
the bar index which represents the test target page
number out of ten pages in this measurement. We
call this segment the projected absorptance profile.

5. From ga
(l)[n], we compute a periodogram25 as
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where N is the number of points per segment parallel
to the paper process direction, and l is the segment in-
dex. Then we obtain a power spectrum estimate Sa(v)
by using Bartlett’s method,25 which averages the
periodograms for L segments as
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6. For a given tone a, we calculate the power E(a) from
the power spectrum estimate Sa(v) over a certain
frequency range which is considered to be associated
with banding.

7. The spline function in MATLAB (The MathWorks, Inc.
Natick, MA) yields the interpolated curve     Ê (a) from
the measured data points E(a), a = 0.05, 0.10, ..., 1.00.
This spline function is used to interpolate all data
sets in the remainder of this article.

8. Normalizing the square root of    Ê (a) we obtain the BTDF
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Figure 3 shows the projected absorptance profiles and
their spectra at three different tone levels for the black
plane. We note that the profile for the midtone level (a
= 0.5) shows larger fluctuation than that for a lighter
tone level (a = 0.25) or a darker tone level (a = 0.75).
This fact is reflected in their power spectra shown in
the lower row of Fig. 3, where several major banding
frequencies appear. In our experiment, we calculated
the power for the frequency range [5, 90] cycles/in which
contains most of the major banding frequencies, and
used that power to obtain a tone dependency function.
The resulting BTDF for the black plane is shown in Fig.

Figure 2. A scanned sample of the banding defect.
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4(a). By utilizing the BTDF obtained above, we build a
banding simulation model for a monochrome image as

fi
banding[m, n] = fi[m, n] + ρihi(fi[m, n])di[n], i = C, M, Y, (6)

where fi[m, n] is the input image, ρi is a parameter con-
trolling the overall defect level, hi(•) is the tone depen-
dency function, and di[n] is a prototype defect signal
weighted by the tone dependency function.

Following the prototype sample based approach, we
generate a banding signal by using a sample projected
absorptance profile obtained from a printed patch with
absorptance corresponding to the peak in the BTDF, and
process it to retain the frequency range which is consid-
ered to be associated with banding. We utilize an ideal
bandpass filter which has unit magnitude response in
this interval and zero response elsewhere. The passband
of the filter that we used is [5, 90] cycles/in, which is the
same frequency range used to obtain the BTDF. We can
extend this method to the banding simulation for color
images by using separate BTDF’s and banding signals
for each of the CMY planes. The BTDF’s and banding

signals for the CMY planes are measured and obtained
as described above. The resulting banding tone depen-
dency for the CMY color planes is shown in Fig. 4(b).

The general framework introduced in Fig. 1 is used
in the simulation of banding. Figure 5 shows the defect
synthesis block in detail. The input to the block is a
CMY color image. Each color plane is separately pro-
cessed according to Eq. (6). The banding simulation re-
sult is shown in Fig. 6, where banding appears as closely
spaced vertical lines.

Scan Axis Streaks
Scan axis streaks are another type of defect of unifor-
mity that are easily observed in a constant tone area.
Streaks are a unidirectional defect that can be charac-
terized by a 1D additive signal8,11,26 in a manner similar
to that for fine pitch banding. However, the appearance
of streaks is different than that of fine pitch banding.
While fine pitch banding appears as tightly packed pe-
riodic lines perpendicular to the paper process direc-
tion, the streak defect has rather irregular and wider
lines in the paper process direction as shown in Fig.

Figure 3. Projected absorptance profiles for the K plane and their spectra for the nominal absorptance levels (a) a = 0:25, (b) a = 0:50,
and (c) a = 0:75.

Figure 4. Measurement of banding tone dependency for (a) K plane, and (b) CMY planes. The ratio of the maximum power for these
color planes is K:C:M:Y = 1: 0.8 0: 0.87: 0.29. Each error bar shows ±1 standard deviation of the measurements that were averaged to
obtain the corresponding data point.

(a) (b)  (c)

(a) (b)
Normalized digital value Normalized digital value
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7(a). Figure 7(b) shows the projected absorptance pro-
file for the streak defect. The strength of the streak de-
fect also depends on the tone level. Thus we consider
the tone dependency of streaks in the simulation pro-
cess, as we do when simulating the fine pitch banding
defect. We then model the streak simulation by using
Eq. (6) with a slight change to the index of the defect
signal. Since the direction of the streak defect is per-
pendicular to that of the fine pitch banding defect, we
use d[m] instead of d[n] for the streak simulation.

We generate the prototype streak signal in a way
similar to that used to obtain the prototype fine pitch
banding signal. We filter the projected absorptance
profile to retain a frequency range which is considered
to be associated with the streak defect. The frequency
interval that we chose is [1, 35] cycles/in. Figure 7(c)
shows the prototype streak signal which we obtain by
filtering the absorptance profile in Fig. 7(b). We incor-
porate the tone dependency of the streak into the simu-
lation procedure by measuring the spectra of streaks
at various tone levels and defining the STDF which
plays the same role as does the BTDF in banding simu-
lation. We obtain the STDF by following steps similar
to those used to generate the BTDF. However, we note
that the direction of the streak defect is perpendicular
to that of the fine pitch banding defect so the projected
absorptance profiles are obtained in the perpendicu-
lar direction too. Figure 8(a) shows the streak tone
dependency for the black plane measured at ten dif-
ferent tone levels.

As was done with the fine pitch banding simulation,
we extend this method to streak simulation for color im-
ages by using separate STDF’s and streak signals for the
CMY planes. The measured streak tone dependency for
the CMY color planes is shown in Fig. 8(b). The defect
synthesis block for streak simulation in a color input
image is the same as that for the fine pitch banding simu-
lation shown in Fig. 5. A streak simulation image is shown
in Fig. 9, where irregular horizontal lines appear.

Simulation of Random Marks or Repetitive
Artifacts
The PQ defects described in the previous section are dis-
tributed over the entire image, and lack distinct bound-
aries. In this section, we will discuss defects that are
more localized. For some of them, the marks are ran-
domly scattered across the page. Others appear in a
repetitive pattern. We will present simulation proce-
dures for five defects belonging to this second defect
group: randomly scattered white specks, toner bubble

Figure 5. Defect synthesis block for banding and streaks.

Figure 6. Image with simulated banding defect. Banding ap-
pears as closely spaced vertical lines. Supplemental Material—
Figure 6 can be found in color on the IS&T website (www.i
maging.org) for a period of no less than two years from the date of
publication.

Figure 7. (a) A scanned sample of the streak defect, (b) its ab-
sorptance profile, and (c) a prototype streak signal acquired from
(b). The streak signal is obtained by altering the projected ab-
sorptance shown in (b).

Paper process direction

(a)

(b)

(c)
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marks, repetitive marks, repetitive coarse-pitch bands,
and ghosting.

Randomly Scattered White Specks
During the course of normal operation, foreign matter
may accumulate at various points within the printer. If
such material adheres to the OPC and cannot be re-
moved during normal cleaning, it will prevent develop-
ment at the points where the contaminant is located.
For a multipass architecture in which the same OPC
drum is used for all four colorants, this problem will
occur at the same position in all four color planes. As a
result, scattered small white specks will appear on the
print as shown in Fig. 10.

We used a test target page which has a 100% black
field of size 7 in × 10 in. We printed the test target page
on a printer with a contaminated OPC drum. We scanned
the printed test target page at 1200 dpi, and cropped it
to 6 in × 9 in to retain only the black field area. We then
segmented separately each white speck in the scanned
test target page. We segmented a total of 589 white
specks. A few samples of these white specks are shown

in Fig. 11. We observe that the white specks are hori-
zontally elongated, and have a tail-like area which fades
out. Based on this inspection, we model the white speck
as shown in Fig. 12. According to this model, each white
speck is specified by two parameters: its width W and
height H.

In the scanned test target image, we measured the
width and height of each segmented speck. Then we sta-

Figure 8. Measurement of streak tone dependency for (a) K plane, and (b) CMY planes. The ratio of the maximum power for these
color planes is K:C:M:Y = 1: 0.74: 1.97: 0.18.

Figure 9. Image with simulated streak defect. The streaks ap-
pear as irregular horizontal lines. Here the cyan plane was as-
sumed to be defective in the simulation process. Supplemental
Material—Figure 9 can be found in color on the IS&T website
(www.imaging.org) for a period of no less than two years from the
date of publication.

Figure 10. Scanned sample of scattered white specks.

Figure 11. Samples of white speck defects.

Figure 12. Modeling the shape of the white speck. The model
consists of separate core and tail components.

Paper process direction

(a) (b)

Paper process direction

Normalized digital value Normalized digital value



8  Journal of Imaging Science and Technology®        Jang and Allebach

tistically analyzed the distributions of W and H. First,
we inspected the distribution of W shown in Fig. 13, and
fitted to the data a Gamma distribution with two pa-
rameters α and β,

    
f x x e

x

α β
β αα

α β, .( ) =
( )

−
−1 1

Γ
(7)

We estimated α and β by using a maximum likelihood
(ML) estimator. For a given W, we used a linear regres-
sion to find H by exploiting the relationship between
the distribution of H and that of W.

We also examined the spatial distribution of the white
specks on the printed test target page, shown in Fig.
14. The correlation coefficient of the horizontal position
X and the vertical position Y is –0.02. Since they are
not highly correlated, we separately inspected the dis-
tribution of the horizontal and vertical positions of the
white specks. As shown in Fig. 14(b), the vertical distri-
bution of the white specks has a bell shape that is well
fitted by a Gaussian function. On the other hand, the
horizontal distribution of the specks is rather irregular
and exhibits no particular shape; so we simply model it
as a uniform density function, as shown in Fig. 14(c).

Figure 15 shows the defect synthesis block for ran-
domly scattered white specks and repetitive marks. For
each white speck, random parameters W, H, X, and Y
for its size and position are generated based on the dis-
tributions described above. The shape of the white speck
is then based on the model depicted in Fig. 12. The white
speck is placed in the input image by setting the digital
values of the corresponding pixels of the CMY planes to
zero. This can be done by using the min operator and a
defect mask which has zeros where the white specks
are located and ones elsewhere. Figure 16 shows the
resulting randomly scattered white specks in a continu-
ous tone image.

Toner Bubble Marks
Toner bubble marks are a consequence of a poorly sealed
toner cartridge or waste toner bin. Loose toner is car-
ried through the printer by the normal motion of the

printer components and is literally splattered onto a
roller, drum, belt, or the paper itself. Figure 17 shows a
sample of the resulting defect. From a sample print, we
observed that the defect marks could be categorized into
three distinct groups. For each group, we developed a
geometrical model for the shape, plus a procedure for
rendering the fill within each shape element. This pro-
cedure takes into account the natural graduation of the
gray value from the center of the element to its bound-
ary, including the random fluctuation in gray value with
respect to spatial position within the element. Because
of the complexity of the models for the three types of
toner bubble marks, it was necessary to carry out an
iterative process in which we used the model to simu-

Figure 13. Sample probability density of the width W of a white
speck with fitted Gamma density function (α = 3.79, β = 0.106).

Figure 14. ( a) The spatial distribution of scattered white specks
acquired from a 6 in × 9 in sample test page, (b) Gaussian prob-
ability density function fitted to the distribution of the vertical
positions of the scattered specks (µ = 4.34, σ = 1.74), and (c) uni-
form probability density function fitted to the distribution of the
horizontal positions of the scattered specks.

Figure 15. Defect synthesis block for randomly scattered white
specks, toner bubbles, repetitive marks, and repetitive bands.
The min operator is used for the white specks; and the max op-
erator is used for the other defects.
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late marks, visually compared the results with our
sample defect marks, revised the model,  then
resimulated the marks with the revised model, and so
on. In the following three subsections, we describe the
process for characterizing and simulating each of the
three types of toner bubble marks.

Characterization and Simulation for Type I Mark
We illustrate four sample marks of Type I in Fig. 18.
Since the Type I marks are nearly round, we model their
shape by using a separate segment of an ellipse in each
quadrant as shown in Fig. 19. According to this model,
the shape of the mark is specified by its width W, height
H, and four vertices (x1,0), (x2,H), (0,y1), and (W,y2).

We acquired 20 sample marks of Type I from a scanned
page containing toner bubble marks. We statistically
analyzed the distributions of W and H. Based on inspec-
tion of the distribution of W, we fitted to the data the
Gamma distribution given by Eq. (7). We then used a
linear regression to find the height H of the mark as a
function of the width W. We also analyzed the distribu-
tions of x1/W, x2/W, y1/H, and y2/H, and fitted Gaussian
densities to each of these data sets.

To simulate a mark of Type I, the parameters W, H,
x1, x2, y1, and y2 are generated based on the distribu-
tions described above. Then the outline of the mark is
delineated using the model shown in Fig. 19. We render
the inside of the mark by gradually decreasing the ab-
sorptance from the center to the boundary. If we sepa-
rately render each quarter-ellipse with respect to its own
center point, there may be an abrupt change in gray
value between neighboring quadrants. In order to ob-
tain a smooth tone variation across the quadrants, we
use the same center point (xc,yc) = (W/2, H/2) when ren-
dering the fill in all four quadrants. For a given angle
θ, we find the point (xe,ye) on the boundary of the appro-
priate quarter-ellipse of the mark as shown in Fig. 19.
Then for each γ ∈ [0, 1], the coordinate (x,y) of the point
on the line connecting (xc,yc) and (xe,ye) is determined
according to

 x = dγ cos(θ) + xc, (8)

  y = dγ sin(θ) + yc, (9)

where d is the distance between the two points (xc,yc)
and (xe,ye). We render this point with gray value

aθ(γ) = (A/2) (cos(γπ) + 1), (10)

where A is the gray value at the center point (xc,yc). As γ
increases from 0 to 1, αθ(γ) smoothly decreases from A
to 0. In order to model the natural fluctuation in ab-
sorptance within the mark, we add filtered random noise
to the fill pattern of the simulated defect mark. Figure
20 shows a simulated toner bubble mark of Type I.

Figure 16. Image with simulated scattered white speck defect.
Supplemental Material—Figure 16 can be found in color on the
IS&T website (www.imaging.org) for a period of no less than two
years from the date of publication.

Figure 17. Scanned sample of toner bubbles.

Figure 18. Scanned sample marks of Type I of the toner bubble
defect.

Figure 19. Modeling the shape of the Type I mark of the toner
bubble defect by using an arc from a separate ellipse in each
quadrant.

Paper process direction
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Characterization and Simulation for
Type II Mark
Figure 21 shows three samples of Type II marks drawn
from our complete set of 15 marks of this kind. While
similar to Type I marks, Type II marks are more elon-
gated and contain a distinctly darker inner region that
is approximately circular, and which is positioned at
the far left edge of the overall mark. We refer to this
inner region as the nucleus and the outer region as
the coma. Because the marks in our sample set are
highly symmetric, we model the nucleus by a circle and
the coma by an ellipse as shown in Fig. 22. The verti-
cal coordinates of the centers of both the ellipse and
the circle are chosen to be the same. The shape model
for the mark is determined by the width W and height
H of the ellipse and the center (xc,yc) of the circle. Based
on our set of 15 sample marks, we fitted a Gaussian
density to W and determined H as a function of W us-
ing linear regression. We modeled xc/W as a Gaussian
random variable. As shown in Fig. 22, we fixed yc = H/2.
The radius of the circle is given by the distance between
the left end of the ellipse and the center of the circle.
We rendered the inside of the nucleus and the coma
using the same technique as that described earlier for
rendering the interior of the Type I marks, except that
the nucleus is darker. Figure 23 shows a simulated
toner bubble mark of Type II.

Characterization and Simulation for
Type III Mark
Figure 24 shows two sample Type III defect marks. These
marks have the same structure as the Type II marks with
the addition of a halo on the left side of the mark. As
shown in Fig. 25, our model for the Type III mark is the
same as that for the Type II mark, augmented by two
half-ellipses to describe the halo area. These half-ellipses
are concentric with the nucleus and have minor radii that
are the same as that of the coma. Since our printed page
containing sample toner bubble defects had only five Type
III marks, we could not perform a statistical analysis to
estimate the model parameters. Instead, we fitted the
model to each of the five marks, and stored the param-
eters of these marks in a dictionary.

During the simulation process, we randomly choose a
set of parameter values from the dictionary. Then we
form the defect shape based on the model shown in Fig.

Figure 20. A simulated mark of Type I of the toner bubble
defect.

Figure 21.Scanned sample marks of Type II of the toner bubble
defect.

Figure 22. Modeling the shape of the Type II mark of the toner
bubble defect.

Figure 23. A simulated mark of Type II of the toner bubble
defect.

25. The coma and nucleus are rendered in exactly the
same way as for Type II marks. We render the halo simi-
larly; but we take into account the fact that the absorp-
tance of the halo is higher at its mid-section than at its
tails. Alternatively, we could simply store the actual
image of each sample mark, thus basing our simulation
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on prototype samples rather than a model. Figure 26
shows a simulated toner bubble mark of Type III.

Simulation Procedure for Toner Bubble Marks
In the simulation procedure, we first determine the total
number of defect marks on the page, considering the se-
riousness of the defect. The number of each type of mark
is determined by the ratio of NI:NII:NIII = 20:15:5, where
Ni is the number of defect marks of Type I. This is based
on the number of sample marks of each type that we found
on our sample page. Then we independently generate
each mark following the previously described procedures.
These marks are placed at random on a defect mask that
has a white background. Finally, we combine the defect
mask with a given input image by using the max opera-
tor as shown in Fig. 15. An image with simulated toner
bubble marks is shown in Fig. 27.

Repetitive Marks
Repetitive marks are due to localized contamination or
damage occurring on the surface of a drum or roller. Be-
cause of the contamination or damage, normal imaging
cannot take place at this point on the surface of the drum
or roller and a localized artifact results. This artifact re-
peats on the printed page in the process direction with a
period given by the circumference of the drum or roller.
With a multipass printer, the marks may appear in a se-
quence of different colors. To generate a defect mark to
be inserted in the input image, we use the prototype
sample based approach, i.e., we segment defect marks

Figure 25. Modeling the shape of the Type III mark of the toner
bubble defect.

Figure 24. Scanned sample marks of Type III of the toner bubble defect.

Figure 26. A simulated mark of Type III of the toner bubble
defect.

Figure 27. Image with simulated toner bubbles. Supplemental
Material—Figure 27 can be found in color on the IS&T website
(www.imaging.org) for a period of no less than two years from the
date of publication.

from sample images containing defects, and then put
them on an input image in the simulation procedure.

Figure 28 shows samples of defect marks, which we
manually segmented from the images. In the simula-
tion procedure, a defect mark is separately put on each

Paper process direction
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of the CMY color planes of an input image according to
the repeating pattern by using the max operator and a
defect mask as shown in Fig. 15. A black mark that might
be observed with a CMYK printer can be simulated by
putting the same mark at the same location on all CMY
planes. Figure 29 shows an image with simulated re-
petitive CMYK defect marks in a row for a multipass
printer with a damaged OPC drum.

Repetitive Coarse-Pitch Bands
Figure 30 shows another type of repetitive defect, which
is caused by a defective charging roller. The charging
roller is supposed to uniformly charge the surface of the
OPC drum before the laser scans the latent image onto
it. If the charging roller is held in contact with the OPC
drum for a period of time while the printer is idle, the
contact area of the charging roller can be flattened. The
flattened area will charge the OPC differently than the
non-flattened areas. This will modify the development
along the length of the OPC, and will result in a band on
the print that is perpendicular to the process direction.
The band will reoccur in the process direction at an in-
terval equal to the circumference of the charging roller.
The repetitive coarse-pitch bands will not be exactly iden-
tical, but will have a similar appearance.

Figure 31(a) shows the projected absorptance profile
g[n] acquired from an image g[m,n] containing a repeti-
tive band. We note that the profile has the shape of one
valley between two peaks. Based on this inspection, we
develop a model for the absorptance profile as shown in
Fig. 31(b). This profile is described by segments of five
different sinusoids with end points (ck,dk),k = 0,1,...,4; so
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Within each range ck – 1 ≤ n < ck, Eq. (11) connects the
two points (ck – 1, dk – 1) and (ck,dk) with a half cycle of
a cosine. In this model, we set d0 and d4 to zero.

As can be seen in Fig. 30, the cross-sectional profile
of each band varies in the vertical direction along the
length of the band. To capture this behavior, we exam-
ine the variation in the heights d1[m] and d3[m] of the
two peaks and the depth d2[m] of the valley between
them as a function of vertical position m along the band.
To remove the influence of very low frequency fluctua-
tion in these signals that are not related to the struc-
ture of the band itself, we filter dk[m],k = 1,2,3 with an
ideal highpass filter having its cutoff at 5 cycles/in.

We then measure the correlation between the three
filtered signal   d k[m],k = 1,2,3. Since the correlation co-
efficient for any two of the three signals is less than
0.1, we assume that they are all independent; and we
model each one of them separately by using a first or-

Figure 29. Image with simulated repetitive defect due to
damage to the OPC drum of a multipass CMYK printer. A
pattern of defective marks in alternating colors repeats
across the page in the horizontal (process) direction. Supple-
mental Material—Figure 29 can be found in color on the IS&T
website (www.imaging.org) for a period of no less than two years
from the date of publication.

Figure 30. Scanned sample of a repetitive bands defect.

Figure 31. Repetitive bands defect: (a) projected absorptance
obtained from scanned defect sample, and (b) piece wise sinusoi-
dal model for the projected absorptance.

Paper process direction

Figure 28. Samples of repetitive defect marks.

(a) (b)
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der Markov chain,27 which takes on 11 possible states.
So we quantize each of the filtered signals to have 11
values. Figure 32 shows an example signal that has been
processed in this manner. Since we scan the defect prints
at 300 dpi, a unit change in the spatial index in this
figure corresponds to 1/300 in.

For each filtered and quantized signal     d̃ k[m], k =1,2,3,
the Markov chain is specified by the probability state
transition matrix Pk. The (i,j)th element of this matrix
is  the probability of transition from state i to state j.
We estimate these probabilities according to
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k ij
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As an example, Eq. (14), shows the estimate obtained
for P1.
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For this state transition matrix, the probability dis-
tribution of the states is given by

      
�
p1 = [.004 .008 .058 .155 .190 .198 .149 .159 .055 .019 .005]t,

(15)

where the superscript t denotes transpose.
To synthesize each signal    d̂k [m], k  = 1,2,3 according

to its Markov chain model Pk, we set m = 0 and choose
an initial state i according to the probability distribu-
tion vector     

�
pk . We then increment m and generate a

new state j according to the probability distribution
given by the ith row of Pk. We repeat this process until m
= M – 1, where M is the length of the desired signal. For
our random number generator, we use the function
rand() in the Linux C library.28 Given the signals     d̂k [m],
k = 1,2,3, we use Eq. (11) to synthesize the band cross-

section at each position m. This entire process is re-
peated for each of the bands that is to be synthesized on
the page.

In Fig. 33, we show a repetitive band defect simulated
on a constant tone image and a 3D plot for part of that
band. From the 3D plot, we observe that the absorp-
tance profile has the double-arch shape shown in Fig.
31(b). Comparing Figs. 30 and 33(a), we see that our
model captures the natural variation in the appearance
of the cross-section along the length of the band. We
combine the defect mask bi[m,n] and the input image
fi[m,n] according to

     fi
bands[m,n] = fi[m,n] + ρibi[m,n], (16)

where ρi is the parameter controlling the defect level and
i = C, M, and Y. An image with a simulated repetitive
band defect in the magenta plane is shown in Fig. 34.

Ghosting
Ghosting is a PQ defect showing a dimly repeated image
at an interval in the paper process direction as indicated
in Fig. 35. The source of ghosting is residual toner par-
ticles on the surface of a printer unit such as an OPC

Figure 32. State transition plot for a 1/3 in vertical segment of
the quantized height d1[m] of the first peak in the absorptance
profile.

Figure 33. (a) Simulation of a defective band on a gray image,
and (b) a three dimensional plot for part of the simulated band.

(a) (b)
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drum or a fuser roller.12,13 If a cleaning unit does not work
properly, toner particles remaining from the previous im-
age will be transferred onto the paper, thereby generat-
ing a ghost image. The strength of ghosting can be
measured with a test page consisting of a source pattern
and a constant tone field displaced from the source pat-
tern in the process direction by a distance equal to the
circumference of the component responsible for ghosting.
Reference 12 proposes such a test page, in which the
source pattern consists of a series of black rectangular
bars; and the background field is filled with a 50% tone.
However, the ghost image is more clearly visible when
the tone of the source image is darker, and the tone of
the background where the ghost shows up is lighter. In
other words, the severity of ghosting depends on the tone
level of both the source image and that of the background.

In order to investigate the tone dependency of ghost-
ing, we developed a set of test target pages to quantify
this phenomenon. Figure 36 shows one of these pages.
In our test target pages, we employ a sinusoidal wave-
form. We call this sinusoidal waveform which induces
the ghosting defect the source pattern. We call the set of
constant tone bars where ghosting appears the back-
ground field. We measured the ghosting tone depen-
dency by examining how clearly the ghosting defect
appears on the background field at various tone levels
while changing the tone level of the source pattern.

Let ab and as be the normalized digital values of the
background field and the source pattern, respectively.
We use six different tone levels for the background field:
ab = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0. For a given test tar-
get page, we fixed the amplitude and the bias of the
source pattern signal as

    
s m

a
m Ra

s

gs [ ] sin / .= ( ) −[ ]2
2 1πυ (17)

Here R is the resolution at which the test target page is
printed. We use five different tone levels as = 0.2, 0.4,
0.6, 0.8, and 1.0 for the source pattern, each of which is
printed on a different page. We set the frequency of the
source pattern signal to vg = 2 cycles/in.

To obtain the Ghosting Tone Dependency Function
(GTDF), we first calculate the FFT magnitude at vg for
each pair (as, ab) from the scanned test target page, and
interpolate the data points. Then we normalize the in-
terpolated data so that the GTDF hg(as, ab) has a maxi-
mum value of one. Figure 37 shows the ghosting tone
dependency for the M plane. As discussed earlier, the
strength of ghosting increases with the absorptance of
the source and decreases with the absorptance of the
background. By utilizing the GTDF, we devise a ghost-
ing simulation model as

fi
ghosting[m, n]= fi[m, n]+ ρihg

i(fi[m, n – dg], fi[m, n]), (18)

Figure 35. A scanned sample with a ghosting defect.

Figure 36. Test target page used to measure ghosting tone de-
pendency. When the page is printed with a defective printer, the
source pattern will be dimly repeated on the background field
showing ghosting at an interval dg.

Figure 34. Image with simulation of repetitive bands defect.
Supplemental Material—Figure 34 can be found in color on the
IS&T website (www.imaging.org) for a period of no less than two
years from the date of publication.

Paper process direction Paper process direction
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where dg is the ghosting interval, ρi is the parameter
controlling the defect level, and i = C, M, and Y. Figure
38 illustrates the ghosting synthesis block for this
model. An image with simulated ghosting is shown in
Fig. 39. Here the front part of the airplane is dimly re-
peated on the light tone area.

Simulation of Color Defects
The subject of this entire article has been simulating print
quality defects observed with color laser printers; so to
entitle a section Simulation of Color Defects may seem to
be not particularly descriptive. However, all of the de-
fects discussed so far can be seen separately in each of
the color planes and could, in fact, also be observed, al-
beit with different appearance, on pages printed with a
monochrome laser printer. In contrast, what we mean by
color defects are those defects that can only be seen as a
result of the interaction between different color planes.
These defects have no meaning in the context of a mono-
chrome printer. There are two such defects that are es-
pecially common with color laser printers. The first defect
is failure of color plane registration; and the second one
is temporal inconsistency. We consider them separately
in the following two subsections.

Failure of Color Plane Registration
With every laser printer architecture, the color planes
are developed sequentially and built up plane-by-plane
on an intermediate transfer drum or belt, or on the pa-
per itself. Therefore, the accuracy with which the dif-
ferent color planes are placed on top of each other is a
key issue for a color laser printer. Poor performance of
color plane registration (CPR) can result in a print that
looks out of focus. Text that consists of two or more pri-
mary color planes will seem to have halo around it, as
shown in Fig. 40. Figure 41 shows our procedure for
simulating a CPR defect. The defect is completely char-
acterized by three translation vectors ti = (mt

i,nt
i), i = C,

M, Y, which have units of pixels. These vectors deter-
mine the direction and the extent of misregistration of
the color planes. We separately apply the translation
vectors to each of the CMY planes according to

    fi
CPR[m,n] = fi[m + mt

i, n + nt
i], (19)

where i = C, M, and Y. Figure 42 shows an original im-
age and the same image with a simulated CPR defect.

Temporal Color Inconsistency
The temporal color inconsistency is caused by changes
over time in the relationship between colorant density
printed on the page and input digital value for one or
more colorant planes. We refer to this relationship as
the tone reproduction curve (TRC), and denote it by Ti(a),

Figure 37. Measurement of ghosting tone dependency for the M
plane.

Figure 38. Ghosting synthesis block for a color image.

Figure 39. Image with simulated ghosting defect. The front part
of the airplane is dimly repeated on the light tone area. Supple-
mental Material—Figure 39 can be found in color on the IS&T
website (www.imaging.org) for a period of no less than two years
from the date of publication.

Figure 40. A scanned sample exhibiting color plane
misregistration.

Figure 41. CPR defect synthesis for a color image.

Paper process direction
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i = C, M, or Y, where Ti is the density and a is the nor-
malized digital value. Although temporal changes in the
TRC are also possible with a monochrome printer, the
degree of change that will be problematic for a color
printer is likely to be perfectly acceptable with a mono-
chrome printer. This is because with a monochrome
printer, we would observe small variations in the gray
level of tint fill patterns. With a color printer, even small
changes in the TRC can produce unacceptable shifts in
hue. So as with the defect of color plane registration,
the interaction between different color planes plays a
critical role in the temporal color inconsistency.

Figure 43 illustrates the defect of temporal color con-
sistency for a real printer. It shows scanned versions of
two step wedges printed with the same color printer at
times 17 hours apart. The lowest density step corresponds
to digital value 0 which should result in no colorant as is
correctly shown in both wedges. However, the next two
steps (Nos. 2 and 3) corresponds to non-zero digital val-
ues. The wedge for Dataset A (Fig. 43(a)) does indeed show
colorant development for these two steps; whereas the
wedge for Dataset B (Fig. 43(b)) does not.

This effect may be quantified by the TRC’s for this
printer at these two points in time, which can be deter-
mined by simply measuring the density values of each
patch in Fig. 43 with a Gretag SPM50 (Gretag, Chicopee,
MA, 01022), and fitting a curve to the data as shown in
Fig. 44. Here, as expected, the TRC for Dataset A in-
creases monotonically from density 0 to 1.38 for Patches
1 through 12; while for Dataset B it stays at density 0
for Patches 1, 2, and 3, and then increases monotoni-
cally to density 1.34.

To simulate this defect, let us consider a defect of tem-
poral color consistency in the ith color plane i = C, M, or
Y. Let Ti

n(a) denote the nominal or correct TRC and Ti
d(a)

denote the TRC for a printer with a defect of temporal
color consistency. Our goal is to find a tone modification
curve Xi(a) which when applied to the image prior to
printing on a printer with TRC Ti

n(a) will yield an effec-
tive TRC Ti

d(a). Thus we require that

Ti
d(a) = Ti

n(Xi(a)). (20)

Assuming that
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and that Ti
n(a) is monotonically increasing in a for 0 ≤ a

≤ 1, we have that

      
X a ai i

n
i
d( ) .= ( ) ( )( )−

T T
1

(23)

As an illustration, Fig. 45 shows the tone modifica-
tion curve Xc(a) for the cyan plane when the nominal
and defective TRC’s are based on Datasets A and B, re-
spectively, in Fig. 44.

Once we have the tone modification curves Xi(a), i =
C, M, Y for each color plane, we can simulate a defect of
temporal color consistency according to the diagram in
Fig. 46. The tone modification functions are separately
applied to each of the CMY planes according to

fi
consist[m, n]= Xi(fi[m, n]), (24)

where i = C, M, Y. The defect of temporal color consis-
tency is simulated in Fig. 47. Figure 47(a) is an image
which we assume is rendered by the desired nominal
TRC for each color plane. On the other hand, Fig. 47(b)

Figure 42. Simulation of CPR defect: (a) original image, and
(b) image with simulated CPR defect. The C plane is shifted to
right by 2 pixels at 150 dpi (≈350 µm). Supplemental Material—
Figure 42 can be found in color on the IS&T website (www.
imaging.org) for a period of no less than two years from the date
of publication.

Figure 43. Two scanned sets of cyan color patches, showing the
problem of temporal color inconsistency. These two sets were
printed with the same color laser printer at an interval of 17
hours. Supplemental Material—Figure 43 can be found in color
on the IS&T website (www.imaging.org) for a period of no less
than two years from the date of publication.

Figure 44. Tone reproduction curves fitted to the data sets A
and B. The two data sets were acquired by measuring the den-
sity values of the color patches shown in Fig. 43.

(a) (b)

(a)

(b)



Simulation of Print Quality Defects                 Vol. 49, No. 1, January/February 2005  17

is a simulated image with a defective TRC for the cyan
plane. For this simulation, we used the tone modifica-
tion curve shown in Fig. 45.

Conclusion
Simulation of print quality defects is important to sev-
eral aspects of providing service and support for color
printers, especially next-generation strategies for im-
proving the customer experience and reducing the cost
to the manufacturer. We have developed a general
frame-work for simulation of print quality defects, and
shown how concepts from signal processing, geometry,
and stochastic processes can be brought bear on the
problem of creating photorealistic renderings of print
quality defects. We describe methods for simulating
defects in three broad categories: defects of uniformity,
random marks or repetitive artifacts, and color defects.
Each defect is simulated through a stochastic model
based approach, or by using a prototype defect sample.
For the model based approach, the parameters are esti-

mated from scanned samples of actual print defects. For
the prototype sample-based approach, a scanned sample
of the defect is used as the prototype. In each case, we
are able to obtain a very realistic rendering of the tar-
get defect.

It is also very important to measure the goodness of
the simulated defects. Ultimately, the simulated defect
should be close to the real defect printed from a defec-
tive printer. How we assess the degree of closeness may
depend on the intended application. For example, if the
simulations are to be viewed by customers to assist in
diagnosis of their PQ defects, then it may be appropri-
ate to conduct psychophysical tests in which we mea-
sure the ability of subjects to distinguish between real
and simulated defects. On the other hand, if the simu-
lations are to be used in the development of algorithms
for automatic detection and identification of PQ defects,
quantitative metrics for image similarity may be more
appropriate. In any case, developing a meaningful as-
sessment of the goodness of any type of simulated de-

Figure 45. Tone modification curve derived from the two TRC's
shown in Fig. 44 by using Eq. (23).

Figure 46. Defect synthesis block for temporal color inconsistency.

Figure 47. Simulation of defect of temporal color consistency: (a) original image, and (b) image showing simulated defect of color
consistency. The C plane is modified by the tone modification curve shown in Fig. 45 and shows up in the graphic representation above
as an apparent reduction in contrast. Supplemental Material—Figure 47 can be found in color on the IS&T website (www.imaging.org)
for a period of no less than two years from the date of publication.

(a) (b)
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fect is not a simple task, and would be a worthy goal for
future research.    
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