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Abstract

Printer banding is an important quality issue; and it has
been analyzed and assessed by many researchers. However,
little literature has focused on the study of the relationship
between physically measured banding and perceived band-
ing. In this paper we propose an experimental methodology
for assessing banding which is based on the observer’s abil-
ity to discriminate between images with different levels of
banding. We describe our banding measurement technique,
and analyze the banding of three monochrome laser print-
ers. We also conduct psychophysical experiments using the
method of constant stimuli. Our results show that the Weber
fraction for discriminating banding is statistically constant
over the printers despite differences in the spectral content
of the banding associated with each printer. This suggests
that banding discrimination is similar to many other percep-
tual phenomena (Weber’s law holds).

Introduction

Banding is a printer artifact that is due to the fluctuations
of the internal printer components. It usually appears as
nonuniform light and dark lines across a printed page per-
pendicular to the direction in which the paper passes through
the printer. Banding is one of the most serious print quality
problems in the electrophotographic printing industry.

For laser printers, it is known that the velocity varia-
tion of the optical photo-conductor drum is a main cause
of banding,1, 2 and much research has been done to reduce
it.3, 4, 5 Researchers have also tried to quantify the amount
of banding in a printed page.6, 7 Banding is usually consid-
ered as a one dimensional quasi-periodic signal; and it is
often modeled as a sinusoidal, or square wave signal.8 Since
banding is judged by human observers, it is not only a phys-
ical phenomenon but also a perceptual phenomenon. Much
work has been done to subjectively evaluate image quality;
and studies on the perceptibility of banding have been re-
ported in some papers.8, 9, 10, 11

Those efforts have significantly contributed to our un-
derstanding of banding; but little research has focused on
finding the relationship between physically measured band-
ing and perceived banding. A method for physically mea-

suring banding may provide an absolute metric for a given
printer; but that metric may not have perceptual meaning.
On the other hand, the subjective evaluation of banding con-
siders human perceptual factors; but it may not give an ab-
solute measure for a given printer.

The goal of this research is to establish a perceptual
scale of banding which is based on psychophysics, but which
also gives an absolute measure associated with a given prin-
ter. Our approach to this problem is shown in Fig. 1. The
key idea is to measure the observer’s ability to discrimi-
nate between two prints with the same content, but which
have different levels of banding. One of the prints has only
the banding that is intrinsic to the printer, and serves as the
reference stimulus. The other print contains this intrinsic
banding plus a small amount of added extrinsic banding,
and serves as the test stimulus. As the level of intrinsic
banding increases, a larger amount of extrinsic banding will
be required for the observer to be able to reliably determine
which of the two prints contains the added banding. Thus,
we can indirectly measure the level of intrinsic banding for
a single printer.

Figure 1: Overview of our approach to the study of banding dis-
crimination.

Although this approach to banding assessment is in prin-
ciple straightforward, in practice, properly generating the
print with extrinsic banding is a very complex process. This
is because the extrinsic banding must closely mimic the in-
trinsic banding, or else the observer’s ability to discriminate
between the reference and test prints will not be a reliable
indicator of the relative levels of banding in these two prints.
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Success in this endeavor depends on a number of consider-
ations.

First, we must properly extract a prototype banding sig-
nal that can be used as the source of extrinsic banding. Sec-
ond, we must work in the output space of the printer. This
requires a transformation to this space from the input space
of the printer, and back again after the extrinsic banding sig-
nal has been added. To do this correctly, all components of
the imaging pipeline must be properly calibrated. Third, the
strength of the intrinsic banding is tone-dependent. Fourth,
we must avoid saturating the range of the printer when we
add the banding signal. Fifth and finally, the electrophoto-
graphic process as realized in low cost desktop printers is
highly unstable. There is a great deal of variability from
print-to-print and even within a single print. This makes ac-
curate estimation of all the aforementioned quantities, that
are necessary to generate the print with extrinsic banding,
an extremely challenging task.

The remainder of the paper is organized as follows. In
the next section, we discuss how we measure and analyze
banding. Then we describe how we generate images with
extrinsic banding and our experimental procedure. Finally,
we present the results of our experiments and discuss the
ramifications of those results.

Measurement and Analysis of Banding

In this section, we describe our banding measurement tech-
nique and introduce Gabor banding power as a banding met-
ric. We also report the measurement of the gray level depen-
dent banding efficiency function.

In this paper we analyze the banding for three laser
printers: Printer A, Printer B, and Printer C. For our band-
ing measurement we also use a flatbed scanner1. To cali-
brate all these devices, we design a test page with uniform
patches having 20 levels of gray value with nominal absorp-
tance 0.05, 0.10, 0.15, ..., 0.95, and 1.00. For each printer
we obtain a calibration curve by printing the test page at 600
dpi (dots/in) and measuring the luminance Y values with a
Gretag SPM 50 spectrophotometer2. We calibrate the scan-
ner in a similar manner.

Gabor Banding Power

The procedure for obtaining the one dimensional banding
signal is as follows12: First, we design a 7 in × 0.5 in uni-
form test patch with absorptance 0.5 and create it as a TIFF
image. To control the halftone features of each printer, we
use software which generates periodic clustered dot halftones
using the pulse width modulation capability of the printer.
We print the test patch at 600 dpi, and we then scan it at
600 dpi using the flatbed scanner. We convert the scanned
digital values to absorptance by applying the scanner cali-
bration curve.

1Heidelberg Saphir Ultra2: Heidelberg USA, Inc., Kennesaw, GA
30144

2Gretag SPM 50: Gretag Aktiengesellschaft, Zürich, Switzerland

We average the absorptance values in the direction per-
pendicular to the printer process direction to get a one di-
mensional banding profile. We subtract the mean value
of this signal, and then compute the N -point Fast Fourier
Transform, where N is the length of the 1-D banding sig-
nal. The one dimensional banding profile and its spectrum
for Printer A are shown in Figs. 2 (a) and (b).
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Figure 2: (a) Banding profile and (b) its spectrum before Gabor
filtering and (c) banding profile and (d) its spectrum after Gabor
filtering for Printer A.

For Printer A and Printer C, the principal banding fre-
quencies are observed around 50 cycles/in; and for Printer
B the principal banding frequency is around 18 cycles/in.

The two dimensional Gabor function has been used to
model the spatial summation properties of the receptive fields
of simple cells in the visual cortex.13, 14, 15 Incorporating this
model in our banding analysis, we use a one dimensional
Gabor function

g(x) = exp(− x2

2σ2
) cos(2πu0x), (1)

to design a band-pass filter whose center frequency is the
principal banding frequency. Here σ is the standard devia-
tion of the Gaussian factor which determines the size of the
receptive field, and u0 is the spatial frequency of the cosine
factor. Thus σ and u0 determine the spatial frequency band-
width of the simple cells. Neurophysiological researchers
have reported that the half-response spatial frequency band-
width of simple cells is in the range of 0.4 to 2.6 octaves.16

To design a Gabor band-pass filter, we choose a 1.0 octave
bandwidth, and let u0 be the principal banding frequency
(50 cycles/in for Printer A and Printer C and 18 cycles/in
for Printer B). With this Gabor filter, we process the band-
ing profile obtained above. Figures 2 (c) and (d) show the
plots of the one dimensional banding profile and its spec-
trum after Gabor band-pass filtering.

We now estimate the power spectral density of the Ga-
bor band-pass filtered signal using a periodogram method.
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The periodogram of a signal x[n] is given by the following
formula:

Pxx[k] =
1
N

|X[k]|2 for k = 0, 1, ..., N − 1, (2)

where X[k] is the Fast Fourier Transform of x[n], and N is
the length of x[n].

Let us denote by x[n] the one-dimensional Gabor band-
pass filtered banding signal. We calculate the banding av-
erage power P of x[n] from the estimated power spectral
density:

P =
1
N

N−1∑
k=0

Pxx[k] =
1

N2

N−1∑
k=0

|X[k]|2 , (3)

=
1
N

N−1∑
n=0

|x[n]|2 . (4)

The last equality holds by Parseval’s Theorem. By taking
the square root of the banding average power, we obtain the
banding root mean square power (RMS power):

Prms =
√

P =

√√√√ 1
N

N−1∑
n=0

|x[n]|2. (5)

Here, we can see that the banding RMS power Prms of x[n]
is equal to the (biased) standard deviation of x[n] since x[n]
has zero mean. In this paper, we define the banding aver-
age power P and the RMS power Prms as Gabor banding
power and Gabor banding RMS power, respectively; and
we will use these quantities for our banding metric.

We have measured the Gabor banding RMS power for
the three printers and the results are shown in Table 1. The
table indicates that Printer B has 1.3 times more banding
RMS power than Printer A, and Printer C has 1.4 times
more than Printer A.

Table 1: Gabor banding RMS power.
Principal Gabor Banding

Printer Banding Frequency RMS Power
(cycles/in) (in absorptance)

Printer A 50 0.0034
Printer B 18 0.0044
Printer C 50 0.0049

Banding Efficiency Function

Since the strength of the banding signal depends on gray
level, we measure the banding power at different gray levels
and obtain a gray level dependent measure of banding for
each printer. In this paper we will call this function the
banding efficiency function (BEF).

We designed a test page consisting of twenty 7.0 in ×
0.35 in uniform test patches with absorptance values uni-
formly spaced between 0 and 1. There will be some varia-
tion of the measurement from print to print and also within
each print, so we repeated the measurement for 21 different

pages, each of which has the 20 test patches randomly or-
dered. We computed the banding power for each test patch
in the units of absorptance squared as previously described.
However, instead of using a Gabor band-pass filter, we ap-
plied an ideal narrow band-pass filter around the principal
banding frequency to make the computed banding power
more closely reflect the spectral magnitude at the principal
banding frequency. The cutoff frequencies of these filters
were 45 and 55 cycles/in for both Printer A and Printer C,
and 15 and 25 cycles/in for Printer B. Figures 3 (a), (b),
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Figure 3: The banding efficiency functions measured from (a)
Printer A, (b) Printer B, and (c) Printer C.

and (c) show the banding efficiency functions measured for
Printer A, Printer B, and Printer C. The figures show the
average banding powers with 95% confidence intervals as
well as polynomials fitted to this data.

All three banding efficiency functions have very simi-
lar shapes; and their peak values occur around the mid-tone
gray level. To obtain a normalized banding efficiency func-
tion in units of absorptance, we take the square root of the
banding power, fit a 6th order polynomial function, and then
divide all the values by the peak value. Henceforth, we will
denote this normalized BEF by η(a), where a is the absorp-
tance.

Banding Discrimination Experiments

In this section, we report our psychophysical experiments
and the results.

Preparation of Image Samples

Figure 4: Five original images that were chosen for our experi-
ments: (a) Cap, (b) Kid, (c) Race, (d) Lighthouse, and (e)Portrait.

We carefully selected five original image contents for
our experiments: Cap, Kid, Race, Lighthouse, and Portrait
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sho-wn in Fig. 4. The five original images were prepro-
cessed to have appropriate size and desirable contrast levels
for comfortable viewing. We mounted all the prints inside
hinged neutral gray mats3 consisting of a cover frame with
a rectangular opening on top of a mat board backing.

Prototype Banding Signal

To generate the prints with extrinsic banding, we use a pro-
totype banding signal. In the previous section, we discussed
the procedure for extracting a one-dimensional banding sig-
nal for each printer. For our prototype banding signal, we
used constant patches with absorptance 0.5, since as shown
in Fig. 3, this is near the peak in the BEF for each printer.
We filtered this 1-D banding signal in the spatial domain us-
ing a 5th order Butterworth band-pass filter with the cutoff
frequencies, 5 cycles/in and 80 cycles/in for each printer.
We use a relatively broad band filter here to preserve the
physical characteristics of the banding signal while remov-
ing the very low frequencies that are the cause of streaks
and other gross variations in tone that are not associated
with banding. We expanded the obtained banding signal
into two dimensions by back-projection.

Throughout the paper we will call this two dimensional
banding signal the prototype banding signal and will denote
it by b[m,n] (in absorptance), where m and n are the pixel
indices. By repeating the above procedure for the three
printers Printer A, Printer B, and Printer C, we obtained
three different prototype banding signals.

Image with Extrinsic Banding

For each original image o[m,n], we generate an image with
extrinsic banding represented by e[m,n] in digital gray val-
ues, so that when this digital image with the extrinsic band-
ing is sent to a printer, the hardcopy print will have both
intrinsic and extrinsic banding. Figure 5 shows the proce-
dure for generating a digital image with extrinsic banding.
We apply the printer calibration curve to the original input
image o[m,n] to get x[m, n] in the printer space (Gretag
luminance Y space), and convert x[m,n] to units of absorp-
tance between 0 and 1.

Since we want to generate several levels of extrinsic
banding for our experiments, we use a scaling factor α to
control the level of extrinsic banding. When α is 0, we
produce an output image which is the exactly same as the
original input image (no extra banding is added). When α
is 1, the amount of extrinsic banding is equivalent to that of
the intrinsic banding in the output image. In other words, α
is the amount of extrinsic banding relative to the amount of
intrinsic banding.

We next compute the banding gain which prevents clip-
ping of the image with extrinsic banding added, in high-
lights and shadows, when α is large. The banding gain

ρ[m,n]=




αη(x[m,n]), if αη(x[m, n])bmax < r[m,n],

r[m,n]
bmax

, otherwise ,
(6)

3MatShop/Island Art Shop: Bellingham, WA 98226

Figure 5: Procedure for generating digital image with extrinsic
banding.

where r[m,n] = min{1 − x[m,n], x[m,n]} and

bmax = max{|b[m,n]|}.

is computed by multiplying the banding level α by the band-
ing efficiency η(x[m, n]) when this product is small enough
so that clipping will not occur. Otherwise, the gain is set to
a value that just scales the extrinsic banding signal to fill the
available signal range without clipping.

We then compute the image

y[m,n] = x[m,n] + ρ[m,n]b[m, n − n0], (7)

in the printer output space with level α of extrinsic banding
by adding the randomly shifted prototype banding b[m, n−
n0] to the input image x[m, n] after multiplication by the
banding gain. The random shift n0 in the process direction
accounts for the random phasing of the banding signal from
page to page. By applying the inverse printer calibration
curve, we obtain the digital image e[m,n] with extrinsic
banding.

For each image content, we generated images with eight
levels of extrinsic banding 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
and 0.7. We selected this range of α so that almost all naive
subjects could easily tell the difference between the original
images and the images at the 0.7-level of extrinsic banding,
whereas about half of the subjects could tell the difference
at the middle range where α = 0.3.

Method of Constant Stimuli

The method of constant stimuli17 is one of the classical meth-
ods in psychophysics. In this method, reference and test
stimuli are presented to the subject on each trial. The level
of the test stimulus varies randomly from trial to trial.

We used the method of constant stimuli to measure the
thresholds of banding discrimination for the three printers.
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We used the five original prints shown in Fig. 4 as the ref-
erence stimuli and 40 print samples (5 image contents × 8
levels of banding) as the test stimuli for our experiment. A
total of 18 Purdue graduate students and 33 industry em-
ployees participated for Printer A, 16 Purdue students par-
ticipated for Printer B, and 7 Purdue students participated
for Printer C. Before starting the experiment, each subject
was shown three example prints to make sure that he/she
understood what banding looks like and the range of band-
ing to be presented. The three example prints comprised
one print having the highest level of banding (level 0.7), an-
other having the medium level of the banding (level 0.3),
and the remaining one having the lowest level of banding
(level 0.0).

On each trial, we showed the subject an original ref-
erence print and a test print, both of which had the same
content. A total of 40 trials were conducted for each ses-
sion. The subject responded whether the level of banding in
the test print looked the same as or greater than the level in
the reference; and the subject’s responses were collected by
user-interface software developed by the experimenter.

We conducted Probit Analysis18 with the collected psy-
chophysical data and estimated the thresholds. The method
fits a normal cumulative distribution function to data using
the maximum likelihood method. The Gaussian cumula-
tive distribution is a well-known model for fitting data from
psychophysical experiments. Probit Analysis provides esti-
mates µ̂ and σ̂ of the Gaussian mean and standard deviation
respectively for each subject’s psychometric function. In
addition, it also computes the standard errors (SE) of these
estimates, which are the estimated variations of µ̂ and σ̂.

The thresholds, which are the psychological limits to
perception, are often of the greatest interest in psychophy-
sics. The absolute threshold is the lowest amount detectable
in the stimulus; and the difference threshold is the lowest
detectable difference in stimulus. The Gaussian standard
deviation of a psychometric function is usually regarded
as a measure of the difference threshold. The difference
threshold was described mathematically by Weber (Weber’s
law). Over a wide range of the stimulus, the ratio of the dif-
ference threshold to the level L of the original stimulus is a
constant W called Weber’s fraction:

Difference Threshold

L
= W . (8)

In our calculations, σ̂ has the same units as does α, the
level of extrinsic banding relative to that of intrinsic band-
ing. In Eq. (8), we can consider L as the intrinsic banding.
Since the abscissa of our psychometric function is the rel-
ative level of extrinsic banding, the value of σ̂ obtained by
Probit Analysis represents the relative difference threshold,
i.e. Weber’s fraction. We will call this relative difference
threshold DL. For each printer, we computed the average
DL and its standard error for each subject. We also pooled

all the subjects’ data and estimated the psychometric func-
tion for all subjects. The results will be presented in the
next section.

Results and Discussion

For each printer we estimated each subject’s psychometric
function and DL using the method of constant stimuli. Fig-
ure 6 (a) shows the psychometric function of a typical sub-
ject who participated in the experiment for Printer A. For
this subject, the estimated DL was 0.16 (in the relative level
of extrinsic banding). For each printer we also pooled all
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Figure 6: (a) Psychometric function of a typical subject for Printer
A. The estimated DL of the subject is 0.16. (b) Psychometric func-
tion of 18 pooled Purdue subjects for Printer A.

subjects’ data and estimated a psychometric function based
on the pooled data. The estimated psychometric function
for Printer A based on results pooled from all subjects is
shown in Fig. 6 (b). The plot shown on the right looks very
similar to the plot on the left, and two plots show that our
data were well fitted to a cumulative Gaussian curve.
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Figure 7: Histogram of the estimated DL’s for 18 Purdue subjects
in the experiment for Printer A.

We also examined the histograms of the estimated DL’s
for each printer. Figure 7 presents the histogram for Printer
A. The plot shows that the most frequent DL’s are located
between 0.15 and 0.2.

From each subject’s estimated DL, we computed the av-
erage DL and its standard error for each printer. The results
are shown in Table 2.
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Table 2: Average DL’s and standard errors.
Printer Average relative DL Standard Error

(Weber’s fraction)

Printer A 0.194 0.017
Printer B 0.164 0.012
Printer C 0.160 0.028

The average DL’s are about 0.2 for all three printers.
This implies that reducing the banding level α by less than
20% would not make a substantial difference in the percept
of banding. We conducted a t-test for the three DL’s in Table
2, and found that with 95% confidence those three numbers
are not statistically different. This suggests that the relative
DL’s are constant over the printers, and Weber’s law holds
for banding discrimination. This was observed despite the
different spectral content of the intrinsic banding associated
with the three printers.

Conclusion

In the paper we developed a method of analyzing banding
associated with electrophotographic printers, and proposed
an experimental methodology for measuring the percept of
banding via psychophysical experiments. This methodol-
ogy is based on the ability of a observer to discriminate be-
tween a print containing only banding intrinsic to the printer
and a print containing the intrinsic banding plus additional
extrinsic banding. We estimated the difference thresholds
in banding discrimination for three different printers. We
found that Weber’s fraction was statistically constant at a
value of about 0.2 over the three printers, despite the dif-
ferences in the spectral content of intrinsic banding asso-
ciated with each printer. This result suggests that banding
discrimination is similar to many other perceptual phenom-
ena (Weber’s law holds). The specific value obtained for
Weber’s fraction indicates the minimum level of improve-
ment required for a reduction in banding to be perceptually
significant.
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