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Abstract
We introduce a new banding analysis system which contains

a banding measurement tool and a spatial-visualization tool. The
banding measurement tool is based on image analysis to measure
color banding exhibited by color laser printers. The tool analyzes
a specially designed test page and provides the principal band-
ing frequency components from both the primary and secondary
colorant planes. On the other hand, the spatial-visualization tool
is intended to help the users better understand from a qualitative
perspective the appearance of the color banding on their printed
test pages. The overall banding analysis system is very useful for
engineers in printer industry to investigate banding in color laser
printers throughout all stages of the printer development life cy-
cle.

Introduction
Banding is one of the most undesirable print artifacts that

limits print quality in the electrophographic (EP) and inkjet (IJ)
printer technologies. Banding is perceived by the human visual
system as achromatic variations (with monochrome printers), or
both achromatic and chromatic variations (with color printers) in
the paper process direction. With EP (i.e. laser) printers, banding
results from non-uniform line spacing which is primarily caused
by fluctuations in angular velocity of the optical photoconductor
(OPC) drum.

Because of the negative effects of banding on printer quality,
there has been considerable research devoted to reducing band-
ing [1-4]. Throughout the stages of the printer development life
cycle, it is necessary that printer engineers can frequently mea-
sure the principal banding frequencies exhibited by their devel-
oping printer prototypes, and based on this information, mod-
ify the printer design to reduce the banding artifacts. Lin et al
[4] developed an image-analysis-based method which analyzes a
specially designed test page to characterize banding exhibited by
monochrome laser printers. Ali [5] developed a banding analysis
tool for monochrome banding measurement which uses the same
method developed by Lin. Ali’s tool has capabilities to deal with
various practical issues that affect the banding measurement ac-
curacy such as nonlinear scanner tone reproduction, scanner mod-
ulation transfer function (MTF), spatial distortions, and low con-
trast of printed test pages. However, as far as we know, no such
tool has been reported in the literature for measuring the band-
ing exhibited by color laser printers. The study of color banding
is complicated because the color banding signal is physically de-
fined in a 3-D color space, while banding perception is described
in an 1-D sense as more or less banding [6]. Furthermore, how
banding from individual colorant planes interacts to produce the
overall color banding signal is still not clearly known.

In this paper, we introduce a new banding analysis sys-
tem which includes a banding measurement tool and a spatial-
visualization tool. The banding measurement tool is based on an
image analysis approach to measure banding frequencies exhib-
ited by color laser printers. The tool analyzes a specially designed
test page and provides the principal banding frequency compo-
nents from both primary and secondary colorant planes. The
spatial-visualization tool, on the other hand, is intended to help
printer engineers better understand from a qualitative perspective
the appearance of color banding in their printed test pages. Our
banding analysis system is for characterization from a colorimet-
ric viewpoint of color banding as printed on the pages. There are
no psychophysical experiments involved in the measurement.

In this research, we measure banding from two sources: the
variations of scan line spacing of each primary colorant, and
the process-direction variations of the observed primary and sec-
ondary colorants on the printed pages. We call the signals from
the former the “mechanical banding” (MB) and those from the
latter the “visual banding” (VB). While MB reflects only the con-
tributions of fluctuations in the angular velocity of the OPC drum
to banding, VB reflects all contributions of the entire printing pro-
cess to banding, such as fluctuations in the angular velocity of the
OPC drum, the developer rollers, the fuser rollers, etc. VB also
reflects the possible suppression of the impact of upstream fluctu-
ations by downstream behaviors of the printing process, including
the interaction of colorant media with light on the printed pages.

The remainder of the paper is organized as follows: In the
next section, we will describe our specially designed test page.
Then, we will discuss our scanner calibration method and the dis-
tortion correction module. Next, we will discuss the MB pattern
analysis, VB pattern analysis, and the spatial visualization of the
measured VB signals. After that, we will present our banding
measurement results for a specific color laser printer. The final
section contains the conclusions about our study. In this paper,
for the sake of simplicity, we will use the notation CIE Lab to re-
fer to CIE 1976 L∗a∗b∗ (with 2o observer and D65 illumination).
We also assume throughout this paper that the horizontal and ver-
tical directions are, respectively, the scan and process directions
for the printer.

Test Page Design
Our test page contains two types of banding patterns: the

mechanical banding (MB) pattern and the visual banding (VB)
pattern that form the basis for banding signal capture.

MB pattern: This type of pattern is designed to capture the
MB signals from the primary colorant planes (cyan, magenta, and
yellow). Figure 1(a) shows a crop from the top of a printed ma-
genta MB pattern. An MB pattern of a primary colorant consists
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Figure 1. (a) A crop from the top of a printed magenta MB pattern; (b) A

crop from a printed blue VB pattern.

of six columns of scan line marks (SLMs). Each SLM is designed
to establish the position of one scan line of the corresponding col-
orant plane. These SLMs are offset in a multi-column format to
permit the segmentation of the individual SLMs, and to eliminate
the interaction between the exposures of the marks on the adja-
cent lines. For each primary colorant, we place two symmetrical
MB patterns on either side of the test page to compensate for the
effect of skew.

VB pattern: This type of pattern is designed to capture the
VB signals from both the primary and secondary (red, green, and
blue) colorant planes. Figure 1(b) shows a crop from a printed
blue VB pattern. A VB pattern is a mid-tone fill patch generated
by finely spacing vertical lines of the solid corresponding color.
By using vertical line fill patterns instead of halftone fill patterns,
we can eliminate the effect of the halftone on the banding analysis
results. Taking into account the instability of laser printers, espe-
cially the dot gain effect, we place one vertical solid color line
at every fourth column of addressable pixels to generate a mid-
tone fill VB pattern that when printed will exhibit the most visible
banding.

Besides the MB and VB patterns, we design three 32-pixel-
wide vertical lines of solid primary colors on the test page to cap-
ture the extreme values of the corresponding primary colorants.
There are also two identical black vertical lines on the page, along
each of which we space eight horizontal black registration marks.
These registration marks will be used to determine the locations
of the control points for the distortion correction module.

Color Scanner Calibration
Because scanners typically are not colorimetric devices, to

use a desktop scanner as a measurement device, we need to cal-
ibrate it carefully. We employ the model-based method found in
[7] for our scanner calibration process. This method consists of
two steps: gray balancing curve fitting and transformation matrix
computation.

In the first step, we use the 24 gray patches of a Kodak Q-
601 target as the stimuli. The Gain-Gamma-Offset (GGO) model
found in [5] is used to fit three separate gray balancing curves for
three color channels (R, G, and B). In the second step, we use
linear regression to compute the transformation matrices. Since
scanners typically do not span the subspace of the human visual
system, to increase the calibration accuracy, we compute different
transformation matrices for colors that span different directions
in the color cube (Fig. 2), corresponding to the different colorant
combinations that occur in the MB and VB patterns.

To generate a training set for colors spanning from white to
a primary color vertex, we start with a uniform patch of 100%

1Eastman Kodak Company, 343 State St., Rochester, NY, 14650.

Figure 2. The color cube with different color directions.

density level of the corresponding color. We then use the na-
tive halftone of the target printer to gradually lighten this default
patch, eventually obtaining a large training set of different density
levels.

The distributions of toner particles in the secondary colorant
patterns are more complicated. Let’s take the blue VB pattern as
an example. When examining a scanned blue VB pattern at suf-
ficient magnification to observe individual pixels in the scanned
image, we see many different pixel values that span a consider-
able portion of the CMYK color cube, including pixels that look
like cyan, pixels that look like magenta, pixels that look like blue,
pixels that look like white, and everything in between. For each
secondary colorant, we use the VB pattern which is the same as
the VB pattern on the test page as the basis for generating the
training set. We then use a direct binary search (DBS) screen [8]
to lighten this pattern in a spatially homogeneous manner. In this
way, we generate a large set of different distributions of toner par-
ticles that are similar to those that we observe with the normally
printed VB pattern. The native halftone of the printer is not a
good choice for this since it will generate periodically repeated
arrangement of colorant dots that microscopically exhibit a much
smaller set of colorant combinations.

The testing sets are generated in the same way as the train-
ing sets, but with different density levels. Using this calibration
method for an Epson Perfection 48702 scanning at 600 dpi and
with 24-bit output, we obtain average testing errors in ΔE units
for the three primary colorants: cyan, magenta, and yellow, as
0.87, 1.56, and 1.61, respectively. Also, the average testing errors
in ΔE units for the three secondary colorants: red, green, and blue
are 1.06, 1.84, and 0.95, respectively.

Distortion Correction
Scanned test pages often have some spatial distortions

(skewing, shearing, translation, etc.) which will negatively affect
the accuracy of our banding analyses. To compensate for these
distortions, we apply a local quadrilateral-transformation-based
method to the scanned test page image.

As described in the ”Test Page Design” section, along each
vertical black line on the test page, we placed eight equally spaced
horizontal registration marks. The centroids of these registration
marks will serve as the control points in the quadrilateral trans-
formation. We first initialize a white image with the same size as
the designed test page image and with the known locations of the
designed control points. We also detect the corresponding control
points on the scanned test page. Then we apply the distortion cor-
rection module separately to each quadrilateral region of scanned
data defined by four registration marks to obtain a corrected ver-
sion. The distortion correction module consists of two steps. In

2Epson, 3840 Kilroy Airport Way, Long Beach, CA 90806.
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step 1, for each point on the corrected image, based on the lo-
cations of the control points on the corrected image and those
bounding the scanned region that is currently being processed,
we take the quadrilateral transformation to find a corresponding
point on the distorted image. In step 2, we fill each point on the
corrected image with the color of its corresponding point on the
distorted image. In the case that the spatial coordinates of a cor-
responding point on the distorted image are not integers, interpo-
lation is used to estimate color values of that point.

MB Analysis
The MB patterns are designed to capture the variations of the

scan line spacing for the three primary colorants. To analyze an
MB pattern of a primary colorant, we first segment this pattern
from the scanned test page. In order to provide good discrimina-
tion between the SLMs and the background media on which they
are printed and to fully utilize the information in the RGB signal,
we convert the scanned MB patterns to CIE Lab and convert the
image data to gray-scale in terms of ΔE units from the respective
solid colorant. Next, we segment every individual SLM in this
gray-scale image, compute the vertical distances between succes-
sive SLMs, and subtract the mean distance from these distances to
obtain a variation sequence. In the absence of mechanical band-
ing, the elements of this sequence would all be zero. With me-
chanical banding, we observe quasi-periodic fluctuations in this
sequence that may lead to banding artifacts. The spectra com-
puted by taking the discrete Fourier transform of this sequence
will reveal the principal components of the mechanical banding.
The mechanical banding spectra are normalized such that a pure
sinusoid with amplitude 1/600 inch (in the case that the test page
is printed at 600 dpi) will correspond to an FFT magnitude of
unity.

Let’s consider in more detail the technique we use to convert
an MB pattern, initially in scanner RGB space, to a gray-scale
image in ΔE units from the respective solid colorant. When we
plot the color data of a MB pattern in the CIE Lab space, we ob-
serve that these color points distribute in a certain direction from
an extreme point corresponding to the respective solid colorant
to another extreme point corresponding to paper white (Fig. 3(a)).
We employ the method found in [7] to fit the data to this line. Two
extreme points A and B of the line are computed by averaging two
vertical strips of the paper white and solid primary colorant, re-
spectively. The equations below show how to compute the scalar-
valued signal in ΔE units from a solid primary colorant for color
point Q illustrated in Fig. 3(b).

sQ =

⎧
⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

∥∥∥−→OB−−→
OA
∥∥∥

0

∥∥∥−−→AQ′
∥∥∥

if
∥∥∥−−→AQ′

∥∥∥≥
∥∥∥−→OB−−→

OA
∥∥∥

if
∥∥∥−−→AQ′

∥∥∥≤ 0

otherwise,

(1)

where Q is a color point, O is the origin of the CIE Lab space, Q′ is
the projected point of Q on the line

−→
AB, and ‖•‖ is the Euclidean-

norm operator.

VB Analysis
For each colorant (either a primary or a secondary colorant),

we analyze its printed VB pattern to measure the process-direction

(a) (b)

Figure 3. (a) The color distribution of cyan MB data in CIE Lab space; (b)

A color point Q of that color data and the line determined by connecting two

extreme points A and B.

variations of the observed primary and secondary colorants on the
printed test page. We first convert this VB pattern from scan-
ner RGB to linear RGB, then take horizontal projection to obtain
a projected profile in linear RGB. Next, we transform this pro-
file from linear RGB to CIE XYZ, and then to CIE Lab space.
Plotting the projected profile in CIE Lab space, we also observe
that the profile data distributes as a cloud along a certain direction
which is determined using Principal Component Analysis (PCA).
We extract the visual banding signal by computing the color dif-
ferences in ΔE units between the projected points of the color data
on this line and the color mean.

Additionally, we compute in hue, chrominance, and lumi-
nance the fluctuations of the projected profile around the mean
value. The spectra obtained by taking the discrete Fourier trans-
form of these fluctuation sequences will reveal the strength of the
principal components of banding in the corresponding color at-
tributes. The visual banding spectrum in either ΔE, ΔL, or Δc
units is normalized such that a pure sinusoid with amplitude of
one unit will correspond to an FFT magnitude of unity. Similarly,
the visual banding spectrum in Δh units is normalized such that
a pure sinusoid with amplitude of one degree will yield an FFT
magnitude of unity.

Spatial Visualization of Visual Banding
The purpose of the spatial visualization tool is to provide a

capability to help engineers better understand from a qualitative
perspective the appearance of color banding in their printed test
pages. The tool is intended to achieve this by separating out the
different signal components that govern the appearance of color
and allowing the user to vary the strength of each component. We
generate the visual representations of the color banding based on
the visual banding signals that we extract from the VB patterns,
as discussed in the preceding section.

Banding Analysis Results
In this section, we present our banding analysis results for

a particular color EP printer. We first print the test page with
this printer at 600 dpi using a direct print mode provided by the
manufacturer. This mode allows us to directly access the CMYK
channels of the printer to prevent any undesirable colorants from
being printed as a result of color table conversions. After that, we
scan the print-out with an Epson Perfection 4870 scanner which
has been calibrated using the method described in this paper. The
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Figure 4. (a) Cyan mechanical banding spectrum in the range 0-45 cy-

cles/inch; (b) Cyan visual banding spectrum in the range 0-45 cycles/inch.

banding measurement tool then analyzes the scanned test page
and finally provides a variety of output banding spectra.

Because our test printer has only one OPC drum shared by all
four primary colorant planes, we obtain very similar mechanical
banding spectra for the three primary colorants included in our
test. Figure 4(a) shows the cyan mechanical banding spectrum in
the range from 0 to 45 cycles/inch. We see that the mechanical
banding spectrum for cyan has principal frequencies at 0.7, 1.5,
2, 5.5, 10, 12, 18, 22, 24, 26, 28.5, 32, and 39 cycles/inch, among
which the peak located at 22 cycles/inch is dominant.

We also observe the similarity of principal banding frequen-
cies between the visual banding (Fig 4(b)) of this primary colorant
and its mechanical banding (Fig 4(a)). This confirms that varia-
tions of line spacing of each primary colorant plane are a ma-
jor contributor to the visual color banding. However, it is worth
noting that some of the spectral lines in the mechanical banding
are suppressed in the visual banding (most apparently at 18 cy-
cles/inch); and there are low frequency spectral lines in the visual
banding that are not present in the mechanical banding.

Since secondary colors are produced by superimposing a pair
of corresponding primary colorants, one might expect that the
overall banding from a secondary colorant plane would be an ad-
dition of those from the individual primary colorant planes. Fig-
ures 5(a), (b), and (c) show that it is not the case. As seen in
these figures, some principal banding frequencies in the red vi-
sual banding spectrum are much larger than would be expected
based on simple addition of the corresponding spectral compo-
nents in the magenta and yellow visual banding spectra. The spec-
tral line at 22 cycles/inch is a particular striking illustration of this
phenomenon. This implies that even though individual banding
from the primary colorants may be reduced below a certain vis-
ibility threshold, banding in the corresponding secondary colors
may still be perceptible. We observe a similar relationship be-
tween the visual banding spectra of cyan, yellow, and green, and
between the visual banding spectra of cyan, magenta, and blue.

Conclusions
We introduced a new robust software tool for measuring

principal banding frequencies exhibited by color laser printers.
The tool, based on image analysis, measures banding signals from
two sources: the variations of line spacing of each primary col-
orant, and the process-direction variations in different perceptual
color attributes of both primary and secondary colorants. We also
presented the banding measurement and analysis for a particular
color laser printer using our developed tool. The tool is useful
for printer engineers to investigate banding in color laser printers
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Figure 5. Visual banding spectrum in ΔE units from the (a) magenta col-

orant plane, (b) yellow colorant plane, and (c) red colorant plane.

throughout all stages of the printer development life cycle.
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