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bstract. Banding is a printer artifact perceived as one dimen-
ional luminance variations across the print-out caused by different
echanical problems such as vibration of different printer compo-
ents in laser electrophotographic (EP) printers or media advance
rrors in inkjet printers. In the printing industry, banding is consid-
red to be one of the worst defects that dominates overall perceived

mage quality. Understanding the visibility of banding will help us in
eveloping strategies to reduce the banding artifact. We developed
soft-copy environment to conduct various experiments for investi-

ating the visibility of banding in laser EP printers. This environment
ncludes the methodology to duplicate the print on the monitor, and a
anding extraction technique. This technique enables us to freely
djust the magnitude of banding of any printer. We validated the
ccuracy of this methodology by conducting a banding matching
xperiment. We used this platform to conduct banding visibility as-
essment experiments. One of them was a banding discrimination
xperiment. The results showed that for the printers investigated, a
eduction of 6.5% in the banding magnitude will be just noticeable
y an average observer. We were also able to find the detection

hresholds of banding in grayscale images for three laser electro-
hotographic printers. The detection threshold of the best printer
as about 50% of its original banding. So there is still plenty of room

o reduce the visibility of the banding artifact. We were also able to
ompare the banding visibility of different printers quantitatively by
onducting a cross-platform experiment. This methodology can form
he basis for a metric for visibility of banding in laser EP printers.

ith some modifications, these techniques could also be adapted to
ther printer technologies such as ink jet printers. © 2007 Society
or Imaging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2007�51:3�271��

NTRODUCTION
ine-pitch banding is a printer artifact perceived as one-
imensional luminance variations across the print-out that
re caused by the vibrations of different printer components.
his artifact was categorized under the macrouniformity im-
ge quality attribute in Dalal et al.’s paper, where he pro-
osed a methodology to evaluate the overall image quality of
ardcopy output.1 In his paper, he also points out that the
tent-pole effect” plays an important role in deciding on the

eceived Apr. 22, 2005; accepted for publication Jan. 29, 2007.
p062-3701/2007/51�3�/271/11/$20.00.
verall image quality, which is basically the idea that “worst
efect dominates.” We can arguably state that, in the print-

ng industry, banding is considered as one of the most ob-
ectionable defects that dominates the overall perceived im-
ge quality. That is the reason why, in a later study, while
efining the objectionability function of overall macrouni-

ormity, the highest weight was given to banding by Rasmus-
en et al.2 As this leads to the idea that “worst defect has to
e removed first,” the banding artifact has caught the atten-
ion of many researchers. Briggs et al. proposed a method to
haracterize banding of ink jet printers.3 Cui et al. measured
he visibility and objectionability threshold of ink jet
anding.4 Kane et al. presented metrics for quantification of
anding.5 And other researchers made use of these studies to
evelop methodologies to reduce banding.6–8

Our motivation for investigating banding is mostly re-
ated to the image quality assessment area. As Dalal et al.
tate in their paper, “There is a big need for a manageable

ethod of evaluating the overall image quality of hardcopy
utput from printer systems so that the systems can be com-
ared in a meaningful way.”1 This method should make use
f the image quality metrics but at the same time take image
reference into account. The “image quality attributes” that
alal et al. introduced have this property. But the main issue
ere is that these kind of attributes have to be judged by
uman observers each time. To solve this issue, one has to
evelop correlations between the instrumentally measured

mage quality metrics and the image preference. Once this
orrelation is established, then one can directly quantify the
mage quality of the print-out. On the other hand, these
orrelations will include essential clues for the manufactur-
rs in choosing their design parameters. In this study, our
im is to develop experimental techniques to measure vis-
bility of banding by conducting softcopy psychophysical ex-
eriments and to investigate correlations between banding
arameters and the visibility of banding. Bang et al. have
eveloped an analytical tool for measuring banding and pro-

osed a methodology for measuring the visibility of banding
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y conducting psychophysical experiments.9,10 They used
ardcopy images in their experiments. In this study, we will
se a similar methodology and measurements, but will con-
uct the experiments in a softcopy environment. Two im-
ortant advantages of the softcopy environment are the re-
uced time and the cost savings.11 In the softcopy
nvironment, it is easy to change the visibility of the artifacts
y modifying the parameters. This gives us the ability to
onduct psychophysical experiments more reliably. For our
pecific application, the softcopy environment will also give
s the ability to simulate banding at lower amplitudes than

he actual printer banding amplitude.
One of the challenges of this approach is simulating the

ctual printing artifact in a softcopy environment. For this
imulation, we made use of scanned samples of actual print-
uts. A detailed explanation of the simulation process is
iven in the third section of this paper. The other question
hat comes to mind at this stage is how well a hardcopy can
e simulated by making use of self-luminous displays. The
wo media have differences in their color gamuts, viewing
onditions, nature of illumination (emissive versus reflec-
ive), and color reproduction methods (additive versus
ubtractive).11 For example, the hardcopies are viewed in
ighted environments whereas the softcopies can also be
iewed in dim or dark environments. So one has to develop
softcopy environment based on an appearance match be-

ween softcopy and hardcopy to be able to simulate and
onduct hardcopy quality assessment experiments in this en-
ironment. When viewing conditions and the state of adap-
ation are identical, a colorimetric match is also a color ap-
earance match.12 But when there are differences in viewing
onditions or the state of adaptation, there is no longer a
ne-to-one correspondence between the colorimetric match
nd color appearance match because of certain color appear-
nce phenomena such as chromatic adaptation, Stevens ef-
ect, and surround-contrast effects.12 Many color appearance

odels have been proposed to extend colorimetric models
o account for these color appearance phenomena. Among
hem are the RLAB model, Hunt’s model, CIELAB, and the
on Kries model.13,14 The performance of these models has
een investigated in the literature given different viewing
onditions.15,16

Our aim is to develop a softcopy environment which
ill give us the same image appearance as the hardcopy

xperimental environment utilized by Bang et al. In the next
ection, we present the hardcopy-softcopy matching experi-

ents that we conducted for this purpose. In our banding
xperiments, the subject’s task is to judge the banding de-
ects of different images. As banding can be considered as a
ontrast modulation,17 this will be a task related to detection
r comparison of contrasts. Choi et al. investigated the
olor-difference (with �Eab of around 5 to 10) perception in
ardcopy versus softcopy display.11 He found that there is no
ignificant efficiency difference in color-difference percep-
ion between hardcopy and softcopy especially for experi-
nced subjects. In the third section, we give a brief summary

f our banding measurement and analysis methodology. In l

72
he fourth section, we first explain our experimental meth-
dology. Then, we present our banding matching and band-

ng visibility assessment experiments. Finally, in the last sec-
ion, we present our conclusions with a brief discussion.

UILDING THE SOFTCOPY ENVIRONMENT
n this section, we describe our softcopy environment for the
anding visibility assessment experiments (and for any soft-
opy print quality assessment experiment in general). Our
evelopment is based on an appearance match between
ardcopy and softcopy that takes all the differences into con-
ideration. The effect of the room illumination on the ap-
earance of images has been investigated in several
apers.18–20 In general, predicted lightness L as a function of

uminance Y for different surroundings is given by the
quation20

L = 100�Y/100.0�� , �1�

here the � values are 1/2.3 and 1/3.5 for average and dark
oom illuminations, respectively. The plots of these relation-
hips can be seen in Figure 1. If we combine the equations
or dark and average surroundings, we get a general relation-
hip between the lightness viewed in a lighted room and the
ightness viewed in a darkened room.

Ldark = 100�Llight/100�2.3/3.5. �2�

Several mapping techniques have also been proposed to
atch media with different luminance levels.21,22 Viggiano et

l. summarized the luminance/lightness mapping techniques
hat have been proposed in the literature.21 These consist of
hodes’ uniform compression of L*23 and Maurer’s mapping
hich is a refinement of Rhodes’ mapping using Bartleson

nd Breneman’s lightness scale.24 Park et al. showed that
inear lightness rescaling gives the best matches among other
echniques when combined with black point adaptation.22

We conducted two experiments to investigate the effect
f the differences in the viewing conditions on the appear-
nce of the media. Table I summarizes the conditions of
hese experiments. In the first experiment, the maximum

igure 1. The relation between luminance and predicted lightness for
ifferent surroundings.
uminances are different, but the images are viewed in the

J. Imaging Sci. Technol. 51�3�/May-Jun. 2007
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ame room illumination. In the second experiment, both the
oom illuminations and the maximum luminances are dif-
erent. In fact, in this case, the viewing condition for the
oftcopy matches with our softcopy banding assessment ex-
erimental conditions, and that of hardcopy matches with

he viewing condition for Bang et al.’s experiments.

xperimental Procedure
he softcopy patches were viewed on a 21 in. Barco
onitor.† The resolution of the monitor was set to 1200
1600 pixels. This system has its own external colorimeter

onnected to the monitor, and there is a chip in the monitor
o update the look-up tables for the color output. The moni-
or comes with its own software called “Reference Calibrator
.” With this software, the monitor calibrates itself auto-
atically at 25 different locations on the screen by making

se of the colorimeter. The gamma value, the maximum
uminance, and the white point of the monitor can be preset
efore calibration. In our experiments, the white point was
et to D65. Based on our measurements using a PhotoRe-
earch 750 spectroradiometer§ as the reference, calibration of
he monitor can be achieved with an average error of 1 �Eab

hroughout the screen. The automatic calibration feature of
he Barco monitor gave us the ability to calibrate the moni-
or each day we conducted the experimental sessions. The
ardcopy patches were printed with an HP LJ 4050 printer.

�

he measurements were taken with the PhotoResearch 750
pectroradiometer.

For the setup of the experiment, we followed the “CIE
uidelines for Coordinated Research on Evaluation of Co-

our Appearance Models for Reflection Print and Self-
uminous Display Image Comparisons.”25 In the experi-
ents, we used the memory matching technique.26 Basically,

he subjects first memorized the lightness of the hardcopy
atch and then adjusted the brightness of the patch on the
onitor to yield an appearance match with the perceived

eflectance of the hardcopy patch. The patches were uniform
ray with a white background. The size of the patches was
.75 square inches, and the background was 8�8 inches
he patches were mounted on a solid background; and they
ere surrounded by a 1in. wide gray frame. Patches with 8
ifferent gray levels were shown in random order as the
timuli. Before observing each patch, the subjects adapted to
n 18% gray background for one minute. Chromatic adap-
ation at constant luminance is 90% complete after approxi-

ately one minute.27

Barco Company, Kortrijk, Belgium.
Photo Research, Inc., 9731 Topanga Canyon Place, Chatsworth, CA 91311-4135.

Table I. Viewing conditions of the two matching experiments.

Softcopy Hardcopy

Dynamic Range Surrounding Dynamic Range Surrounding

xperiment 1 1.51– 80 cd/ m2 Dark 29.52– 298 cd/ m2 Dark

xperiment 2 1.20– 80 cd/ m2 Dark 27.80– 284 cd/ m2 Light
aHewlett-Packard Company, 3000 Hanover Street, Palo Alto, CA 94304-1185.

. Imaging Sci. Technol. 51�3�/May-Jun. 2007
xperiment 1
he setup of the experiment is shown in Figure 2. The
rinted patch was positioned flat on the floor of the viewing
ooth. As the light was coming from the top, this configu-
ation gave good spatial uniformity of illumination. The
hite point of the illumination in the viewing booth was
65. The subject first observed the printed patch through

he aperture via the mirror, and memorized its appearance.
hen the subject turned to the monitor and adjusted the
atch on the monitor with the buttons on the screen and
licked the “OK” button when an appearance match was
chieved between the patch on the monitor and the patch in
is/her memory. In our user interface, buttons instead of a
lider were used to make sure that the subject did not

emorize the location of the slider. Both the hardcopy and
oftcopy patches had a 2° viewing field. The room was dark-
ned. The luminance range between the black and white
oints of the monitor and the viewing booth were
.51–80 cd/m2 and 29.56–298 cd/m2, respectively. A total
f 20 subjects participated in this experiment.

esults and discussion
he results of this experiment are shown in Figure 3(a). A

traight line is fitted to the data. The viewers are assumed to
ave completely adapted to the white point of the repro-
uced image,28 so the white of the softcopy image is as-
umed to perceptually match the white of the hardcopy im-
ge. For this reason, the fitted line is constrained to pass
hrough the point with coordinates (100, 100) on the graph
n both Figs. 3(a) and 3(b). It is interesting to note that
espite the fact that the subjects performed a memory
atch, the variability of the settings as represented by the

rror bars in both Figs. 3(a) and 3(b) was small. The F-test
e performed showed that a second order term is insignifi-

ant to characterize the data in Fig. 3(a). So in this case, the
ubjects match the luminance of the hardcopy to that of the
oftcopy by a linear mapping. But it is important to note
hat the intercept of this line with the x axis has a positive
alue.

xperiment 2
n this experiment, the subjects first memorized the appear-

Figure 2. Setup for experiment 1.
nce of the hardcopy patch in a lighted room. Then they

273
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ent to the next room which was darkened, and adjusted the
rightness of the patch on the monitor to match it with the
ne in their memory. The luminance range between the
lack and white points of the monitor and the hardcopy
ere 1.20–80 cd/m2, and 27.80–284 cd/m2, respectively. A

otal of 14 subjects participated in this experiment. The
iewing field of the monitor and the hardcopy were approxi-
ately 10°.

esults and discussion
he results of this experiment are shown in Fig. 3(b). The
-test showed that a second order term is significant to char-
cterize this data. So we fitted a power function in this case.
he solid line in the figure shows this function which is

epresented by the equation below:

Lsoftcopy = 225.8�Lhardcopy/100�0.45 − 125.8. �3�

he viewer matches the lightness of the stimulus viewed in a
arkened room to that viewed in a lighted room by a non-

inear mapping. Again the intercept of the mapping with the
axis is positive. The dashed curve in the figure shows the

elation between lightness viewed in a dark surrounding and
he lightness viewed in a light surrounding in general. This

igure 3. The results of �a� experiment 1, and �b� experiment 2. The solid
ine is the curve for the experimental data and the dashed line is from
revious literature. �Ref. 19�. The error bars represent 95% confidence

ntervals.
as derived in the previous section and is represented by

74
q. (2). Here we modified this equation to have the same
lack point coordinates as Eq. (3), and we obtained

Ldark = 176.1�Llight/100�0.66 − 76.1. �4�

f we compare the curve fitted to experimental data with the
ashed curve obtained from Fairchild et al.’s equations,20 we
ee that there is a very close match.

nalysis of Black Level Match
he black levels of the two media and the matched values
re shown in Table II. The subject chooses a black level for
he softcopy to match that of the hardcopy which is less than
he black of the hardcopy. In fact, the results can best be
escribed by Nakabayashi et al.’s conclusion: “Human visual
ystem is adapted to the about middle point between input
evice black point and output device black point when com-
aring a softcopy image with other images under ambient

llumination.”29

UMMARY OF BANDING MEASUREMENT AND
NALYSIS TECHNIQUES
ur final goal here is to simulate a print with banding on

he monitor and to be able to adjust the level of banding on
hat simulated print. In the first stage of our approach, we
xtract the banding from the scanned printed patch. The
atch sample size is 1.25�4.25 in. The patch is printed at a
0% gray level. A Heidelberg Linocolor Saphir Ultra2 Flat-
ed Scanner¶ is used for scanning the patches. This scanner
as 1200 dpi optical resolution. The patches are scanned at
00 dpi resolution. This resolution is sufficient to capture
he banding frequencies that are of interest. The gamma of
he scanner is 1.76. No sharpening effect is introduced. We
rst print several patches from a specific printer. We check

he variation of banding magnitude from print to print. The
ariation is negligible for the printers that we considered. So
e choose the print-out among these samples which has a
anding magnitude of about the average of all the samples.
hus the banding signal extracted from this print-out can be
onsidered as a typical banding signal for the printer in
uestion. The extracted banding will be our “banding pro-
otype;” and the patch after the banding is removed will be
ur “background.” The block diagram of this process can be
een in Figure 4. First we calibrate the scanned patch by
pplying the scanner calibration curve. This curve is ob-
ained by comparing scanner digital value and luminance Y

Table II. Black level match of the hardcopy and softcopy environments.

Experiment 1 Experiment 2

Y L* Y L*

Black of Hardcopy 29.56 cd/ m2 37.7 27.80 cd/ m2 37.46

Black of Monitor 1.51 cd/ m2 14.89 1.20 cd/ m2 12.61

Black of Softcopy 4.02 cd/ m2 26.80 2.73 cd/ m2 20.41
Kurfursten-Anlage 52-60, D-69115 Heidelberg, Germany.

J. Imaging Sci. Technol. 51�3�/May-Jun. 2007
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easured with a Gretag SPM-50 spectroradiometer** for a
eries of constant patches with varying lightness. Thus it
nables us to convert the scanner output to luminance val-
es. Then we project the image in the direction perpendicu-

ar to the process direction to get a one-dimensional signal.
he spectral distributions of the projected signals for four
ifferent printer/halftone combinations are shown in Figure
. We used these four combinations for all of the experi-
ents to be described in this paper. Printers A, B, and C are

hree different models of laser electrophotographic printers.
e used two different halftone screens with Printer C. We

lter this one dimensional signal to extract our prototype
anding signal. Because we want to assess the visibility of
ne-pitch banding associated with the printer mechanism,
e use a Butterworth bandpass filter with cutoffs
cycles/ in. and 80 cycles/ in. These cutoffs are chosen to

liminate the near dc components in the low frequency
ange, and the halftoning frequencies in the high frequency
ange. For example, the peaks at 100 cycles/ in. in the spec-
ral plots observed for three of the printer/halftone combi-
ations of the printers in Fig. 5 are caused by the halftoning

*

igure 5. Spectral content of the 1D projection of patches printed with
our different printer/halftone combinations.

Figure 4. Block diagram for extraction of banding
GretagMacbeth, 617 Little Britain Road, New Windsdor, NY 12553-6148.

. Imaging Sci. Technol. 51�3�/May-Jun. 2007
atterns. We use the filt filt function in Matlab†† to design a
recisely zero-phase filter. Then we back-project the proto-
ype banding signal and subtract this from the scanned im-
ge to obtain the background. An example of the spectral
ontents of the background and the prototype banding sig-
al for Printer A can be seen in Figure 6. Now that we have
btained our background and the prototype banding signal,
e can add different amounts of banding to our image by

imply multiplying the prototype banding signal by a scaling
actor. We call this scaling factor �. The value �=1.0 corre-
ponds to the amount of banding in the original image.
fter the banding is added, we use our results from the
revious section to generate an appearance match between

he hardcopy and the simulated print on the softcopy. The
lock diagram of this process can be seen in Figure 7. The
appearance match curve” shown in the block diagram is
iven by Eq. (3) from the previous section.

In the hardcopy case, Bang et al. added extra banding to
he image and then printed it. As the printer already has its
riginal banding, the print-out has the simulated banding
dded to the original banding. Since the phase of the origi-
al banding of the printer cannot be controlled, the original
anding and the simulated banding may be out of phase.
his phase difference may cause a cancellation effect, and
lso may change the spectral content of the banding. In fact,
ang et al. took this effect into account when they calibrated

heir results. But in the softcopy case, we do not have this
roblem at all. Another advantage of the softcopy environ-
ent is that we can simulate banding levels lower than the

ctual level of banding of the printer by simply choosing a
alue for � that is less than 1.0. In this way, banding detec-
ion or objectionability thresholds can also be investigated.

ANDING VISIBILITY ASSESSMENT
XPERIMENTS
o conduct the softcopy banding visibility assessment ex-
eriments, the 21 in. Barco Monitor was again used. The
xperiments were conducted in a completely darkened
oom. The experiment was self-paced. Matlab was used to
enerate the user interface for the experiments. There was
ne issue that had to be resolved for the softcopy experi-
ents. The resolution of the printers was 600 dpi, whereas

†

he background image from the scanned patches.
and t
The Mathworks Company, 3 Apple Hill Drive, Natick, MA 01760-2098.
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he resolution of the monitor was only 100 pixels/ in. This
ould be a potential problem if the banding that is to be
isplayed on the monitor has a sufficiently high spatial fre-
uency. In fact that was the case for Printers A and B. Their
rincipal banding frequency was around 50 cycles/ in. A
aveform with this frequency cannot be accurately rendered
ith a 100 pixels/ in. display device. Our solution to this
roblem was to downsample the images by 3 instead of by 6
efore displaying on the monitor. This increased the size of
he images on the monitor by 2� with respect to the hard-
opy. The subjects viewed the patches from about 24 in.,
hich is twice the distance at which they normally viewed

he hardcopy. In this way, we were able to generate essen-
ially the same stimulus on the retina that the subjects would
ave seen when viewing the 600 dpi hardcopy at a distance
f 12 in.

Banding was added to the images using the procedure
escribed in the previous section. We did not remove the
ther artifacts such as graininess from the background of the
rinted patch. These other artifacts can affect visibility of
anding. In this paper, we measured the visibility of banding
f different printers including these effects in our experi-
ents. The method of constant stimuli was used in the psy-

hophysical experiments and “Probit Analysis” of the SAS
oftware‡‡ was used to analyze the data. This method fits a

‡

Figure 6. An example of the spectral contents o
Printer A.

Figure 7. Generating the softcopy display.
cSAS Institute Inc., 100 SAS Campus Drive, Cary, NC 27513-2414.

76
umulative Gaussian function to the constant stimuli data,
nd estimates the mean and standard deviation of this func-
ion. The subjects were all Purdue University students. The
anding of three laser electrophotographic printers Printer
, Printer B, and Printer C (with two different halftone pat-

erns) was investigated.

anding Matching Experiment
ethod

he purpose of this experiment was to validate the accuracy
f the softcopy banding simulation by matching the level of
anding of the hardcopy and that of the softcopy. In this
xperiment, the memory matching technique was used. The
iewing conditions of the softcopy and the hardcopy were
xactly same as the hardcopy-softcopy matching Experiment
described in the section entitled Experiment 2. The subject
rst memorized the level of banding on the hardcopy in one
oom and then went to the next room and adjusted the level
f banding of the softcopy to match it with the hardcopy.
he user interface for this experiment is shown in Figure 8.
he subject was able to vary the level of banding on the

oftcopy from �=0.0 to �=2.0. As usual, �=1.0 corre-
ponds to the original amount of banding in the hardcopy.

esults and discussion
total of 20 subjects completed the experiment. The results

ackground and the prototype banding signal for

Figure 8. User interface for banding matching experiments.
f the b
an be seen in Table III. The entries tell us the average value

J. Imaging Sci. Technol. 51�3�/May-Jun. 2007
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f � that is judged to yield a match. For example, for the
rst printer, the subjects matched 1.05 times the original
anding displayed on the monitor with the original banding
f the hardcopy, and so on. The error term corresponds to a
5% confidence interval. The match levels for all the printers
re statistically same as 1.00, which shows that our softcopy
anding simulation accurately duplicates the hardcopy
anding.

anding Discrimination Experiment
ethod

n this experiment, our objective was to find the discrimina-
ion threshold (DL) of banding for different printers. The
iscrimination threshold is the smallest difference between

wo stimuli that a subject can reliably detect. The standard
eviation of the cumulative Gaussian curve calculated by
Probit Analysis” was used to estimate DL. In each trial, two
atches were presented to the subject. One was the reference
atch, which was the patch with banding level equal to

hat of the printer ��=1.0�. The other patch was the “test
atch” which had one of eight levels of banding
�=1.00,1.05,1.10,1.15,1.20,1.25,1.30,1.35�, which in-
ludes banding equal to that of the reference patch. The
ubject’s task was to tell if the test patch had “more banding”

Table III. Results of the banding matching experiment.

Printer A Printer B
Printer C

�Halftone 1�
Printer C

�Halftone 2�

verage Match Level
and 95% Confidence

ange

1.05± 0.08 0.98± 0.10 1.04± 0.08 1.06± 0.07
Figure 9. User interface for banding

. Imaging Sci. Technol. 51�3�/May-Jun. 2007
r the “same banding” compared to the reference patch. The
nterface that was used for this experiment can be seen in
igure 9. The subjects were instructed to be close to perfect
n “catch trials,” that is the trials where the test patch had
he same level of banding as the reference patch. If the pro-
ortion of error in the catch trials is too high, then the
sychometric function cannot be reliably estimated, because

he subject’s response will be biased toward saying that the
est patch has more banding than the reference patch.

esults and discussion
he experiments were conducted with 16 subjects. The re-

ults for one subject were excluded from the data, because
he proportion of error in that subject’s catch trials was 80%.
he same printer/halftone combinations as in the banding
atching experiment were tested. The average DL’s were ob-

ained by first calculating the DL of each individual subject,
nd then taking the average. These are shown in the first row
f Table IV. The error term is the 95% confidence interval of
he variation of DL’s among subjects. Figure 10 shows the
ooled data from all 15 subjects for each printer. Superim-

Table IV. Results of the banding discrimination and detection experiments.

Printer A Printer B
Printer C

�Halftone 1�
Printer C

�Halftone 2�

verage DL and
5% Confidence
ange

0.064± 0.014 0.064± 0.011 0.066± 0.013 0.063± 0.014

verage AL and
5% Confidence
ange

0.560± 0.049 0.500± 0.067 0.360± 0.039 0.354± 0.053
discrimination experiments.
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osed are the cumulative Gaussian functions that provide
he best fit to the pooled data. The standard deviations (SD)
f these Gaussian distributions are usually higher than the
verage of the SD’s of the fits to individual subjects. The
eason is that different subjects are likely to have different
esponse biases related to the criterion for responding
more” banding. The DL’s for all the printer/halftone com-
inations are statistically the same. This supports the idea
hat Weber’s rule applies to banding discrimination. Namely,
e need to reduce the banding magnitude by 6.5% to yield
statistically significant reduction in banding visibility; and

his number is constant over the different printers.

anding Detection Experiment
ethod

he methodology for the banding detection experiment was
ery similar to that of the banding discrimination experi-
ent. Again, the subjects compared the “test image” with

he “reference image.” But this time, the reference image had
o banding at all. The banding in it had been removed by

he banding extraction technique we described in the third
ection. The test images had banding levels distributed
round the absolute threshold (AL) that had been roughly
stimated by a few preliminary trials. The subject’s task was
o tell if there was any banding visible in the test image
ompared to the reference image.

esults and discussion
total of 15 subjects participated in this experiment. The

Figure 10. Psychometric functions for the poo
0% mean of the Gaussian curve was used as an estimate for

78
L. Figure 11 shows the psychometric function of the
ooled data for each printer. The average of AL across all
ubjects is given in the second row of Table IV. The entries
how the fraction of original banding that is detectable. The
igher the fraction, the less visible is the banding. The vis-

bility of banding for the printers arranged from high to low
s as follows: Printer C, Printer B, and Printer A. The ratio of
L for the printer for which banding was least visible

Printer A) to that for which the banding was most visible
Printer C) was 1.58. This suggests that the banding of
rinter C is 1.58 times worse than that of Printer A. In
eneral, these results show that there is still a lot of room to
educe the visibility of fine-pitch banding with these print-
rs. We should note that the AL’s may also be affected by the
ackground noise of the printers. This consists of other ar-
ifacts such as noise due to scattered toner and the nonuni-
orm paper reflectance, as well as the halftone pattern of the
pecific printer. We did not attempt to isolate various
ources; but in this case, changing the halftone pattern did
ot appear to change the visibility of banding of Printer C
ignificantly.

ross-platform Experiment
ethod

n our cross-platform experiment, an experimental proce-
ure developed by Bang et al. was used to compare the level
f banding for different printers. Two images having the
anding of two different printers were displayed side by side
nd the subject was asked to make a comparison. The image

ta of the banding discrimination experiment.
led da
J. Imaging Sci. Technol. 51�3�/May-Jun. 2007
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aving stronger banding was fixed as the reference image.
he other image with different levels of banding was com-
ared with that of the reference image. The subject’s task was

o tell which image has more banding. For example, in one
ase, the reference image had the banding of Printer B with
=1.0, and the test image had the banding of Printer A with
=1.0,1.1,1.2,1.3,1.4,1.5,1.6, since Printer A had the least

isible banding. During the experiment, the order of the
resentation of the images with different values of � was
andomized. The value of � for the test printer where the
ubject gives the answer “more” 50% of the time is called the
oint of subjective equality (PSE). This point shows us the
elative level of banding of the two printers. The first ques-
ion that had to be addressed here was whether it was even at
ll possible for the subjects to reliably compare the banding
f two different printers. This may be difficult, because the
pectral content of the banding of different printers can be
ery different. For example, Printer A has its principal band-
ng frequency at 50 cycles/ in., whereas the principal band-
ng frequency of Printer B is around 18 cycles/ in. Again, the

ethod of constant stimuli was used in this experiment.

esults and discussion
total of 18 subjects participated in the experiment. Print-

rs B and C were compared with Printer A. As a control
ase, the subjects also compared Printer A with itself. The
sychometric function for the pooled data for each printer is
hown in Figure 12. The x axis is the increasing banding

Figure 11. Psychometric functions for the p
evel of Printer A, and the y axis shows the percent of the

. Imaging Sci. Technol. 51�3�/May-Jun. 2007
ime that the subject says the test image has more banding.
he point where the “more” answer is given 50% of the time

s taken as the point of subjective equality (PSE) where the
anding of the two printers is equally visible.

The average of the PSE’s across subjects is given in the
rst row of Table V. The error term is the 95% confidence

nterval of the variation in PSE among subjects. The confi-
ence intervals turned out to be reasonably small. This
hows that the subjects were able to compare the visibility of
anding of different printers in a consistent manner. For
rinter A, the average PSE turned out to be exactly 1.00 as
xpected. In the second row of Table V, we show the stan-
ard deviations of the cumulative Gaussian curve fits. The
rror term is the 95% confidence interval of the variation in
he fitted standard deviation among subjects. The standard
eviation for the comparison of Printer A with itself is
lightly lower than the other cases. This suggests that com-
arison of bandings with different spectral contents is more
ifficult than comparing bandings with the same spectral
ontent. Using this methodology, we can give a grade to each
rinter for the visibility of banding. Again, the different half-

one patterns for Printer C did not significantly affect the
isibility of banding.

The ratio of the AL’s of the printers acquired in the
revious section is shown in the third row of Table V for a
omparison with the PSE’s shown in the first row that were
btained from the cross platform experiment. There is a
ood match between the PSE’s and the ratio of the AL’s of

data of the banding detection experiment.
279
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he corresponding two printers except between Printer A and
rinter B. In this case, the ratio of their AL’s is lower than the
SE. This could be due to the high background noise of
rinter B, which might have caused its AL value to be larger.
n general, the ranking of the printers generated with both

ethods match with each other.
In the cross platform experiment just discussed, the ref-

rence printer was Printer A in all cases. The question is
hether using a different printer as the reference will affect

he results. So we conducted a control experiment to com-

Figure 12. Psychometric functions for the pooled d
level of banding for Printer A.

able V. Results of the cross platform experiment and the ratio of AL’s acquired from
he banding detection experiment.

Printer A -
Printer A

Printer A -
Printer B

Printer A -
Printer C

�Halftone 1�

Printer A -
Printer C

�Halftone 2�

eciprocal of
anding Level
or the Test
rinter �1 /��

1.00± 0.03 1.31± 0.07 1.48± 0.07 1.56± 0.07

td. Dev. of
sychometric
unction

0.071± 0.019 0.101± 0.030 0.095± 0.016 0.120± 0.031

atio of AL’s 1.00 1.12 1.56 1.58
are the banding of Printer C with that of Printer B as the t

80
eference. Five subjects participated in this experiment. The
SE we found was 1.17±0.13. If we take the ratio of the
SE’s from the previous experiment:

1.48�Printer C ⇔ Printer A�

1.31�Printer B ⇔ Printer A�

= 1.13 � 1.17 ± 0.13�Printer C ⇔ Printer B� . �5�

his result shows that the grading of the printers by cross
latform experiment does not depend on the choice of the
eference printer.

ONCLUSION AND DISCUSSION
e developed a softcopy environment for conducting print

uality assessment experiments. This environment includes
he methodology to duplicate the print-out on the monitor,
nd a banding extraction technique. This technique enables
s to freely adjust the magnitude of banding of any printer.
e validated the accuracy of this methodology by conduct-

ng banding matching experiments.
We used this platform to conduct banding visibility as-

essment experiments. One of them was a banding discrimi-
ation experiment. The results showed that, for any printer,
reduction of 6.5% in the banding amplitude will be just

oticeable by an average observer. We were also able to find

the cross platform experiments. The abscissa is the
ata of
he absolute threshold (AL) of banding visibility for the

J. Imaging Sci. Technol. 51�3�/May-Jun. 2007
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hree printers. The AL of the best printer was about 50% of
ts original banding. So there is still plenty of room to reduce
he visibility of banding. Finally, we were able to compare
he banding visibility of printers quantitatively by conduct-
ng a cross-platform experiment. This methodology can be
sed to compare any two printers and could form the basis

or developing a metric for banding visibility.
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