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Abstract. We develop a comprehensive procedure for characteriz-
ing the modulation transfer function (MTF) of a digital printer. Espe-
cially designed test pages consisting of a series of patches, each
with a different one-dimensional (1D) sinusoidal modulation, enable
measurement of the dependence of the MTF on spatial frequency,
bias point, modulation amplitude, spatial direction of modulation,
and direction of modulation in the color space. Constant tone
patches also yield the extreme and center color values for the input
modulation. After calibrating the scanner specifically for the direction
of modulation in the color space, we spatially project the scanned
test patches in the direction orthogonal to the modulation to obtain a
1D signal, and then project these sample points onto a line in the
CIE L�a�b� color space between the extreme color values to obtain
a perceptually relevant measure of the frequency response in a spe-
cific color direction. Appropriate normalization of the frequency re-
sponse followed by compensation for the scanner MTF completes
the procedure. For a specific inkjet printer using a dispersed-dot
halftoning algorithm, we examine the impact of the above-
mentioned parameters on the printer MTF, and obtain results that
are consistent with the expected behavior of this combination of
print mechanism and halftoning algorithm. © 2006 Society for Im-
aging Science and Technology.
�DOI: 10.2352/J.ImagingSci.Technol.�2006�50:3�264��

INTRODUCTION
The modulation transfer function (MTF) of an optical sys-
tem is defined as the modulus of optical transfer function of
the system.1 The MTF of an imaging system, as a function of
frequency, shows how much the system attenuates an input
modulation signal. Generally, the MTF tends to decrease as
the frequency increases, so that the imaging system blurs fine
details in the captured image. It is typically associated with
the optics of the system. The MTF is an important charac-
teristic of the imaging system that has been used to quantify
its detail-resolving capability. It has been also used to com-
pensate for image blur, achieving an appropriate level of
sharpness.2

There are a few methods to measure the MTF for digital
image capture devices. The first method is the sinusoidal
method, which uses a set of sinusoidal wave targets at dif-
ferent frequencies to measure the MTF of the system.3,4 The

second method uses a slanted-edge target. This method is
standardized in the ISO 122335 for still-picture cameras and
in the ISO 160676 for digital scanners. The MTF is charac-
terized by measuring the one-dimensional uniformly super-
sampled edge profile from the sequentially scanned two-
dimensional slanted edges.7–9 The third method uses a
random noise target.10,11 The MTF is obtained by measuring
the noise power spectra of the input and output signals.

There also have been efforts to characterize and measure
the MTF of printing devices. The MTF of a printing system
was measured by using three different methods (sinusoidal
method, one-pixel line method, and step image method);
and the MTF results were compared.12 Also, the noise power
spectra of prints generated from five different halftoning
methods were measured to analyze the modulation charac-
teristics of a printing system.13 In addition, the MTF of pa-
per has been measured by using a sinusoidal test pattern to
analyze the contrast transfer function of the print.14,15

As we described above, many researchers have studied
the measurement of MTF for digital imaging acquisition sys-
tems such as cameras and scanners. Also some researchers
have studied the characteristics of the signal modulation of
printing systems generally by using a black colorant. How-
ever, little research has been devoted to the characterization
of color modulation of a printer. In this paper, we introduce
a methodology to measure the modulation performance of a
color inkjet printer.

In order to characterize the color modulation of an ink-
jet printer, we use a set of color patches, each of which
contains a sinusoidal modulation signal generated with fixed
values for the following parameters: Frequency, bias point,
modulation direction in the color space, spatial direction of
modulation, and modulation amplitude. We develop a test
target page which contains a set of one-dimensional color
modulation patches that are generated with different param-
eter values. Once we print the test target page, we scan it by
using a flatbed scanner at a high resolution to obtain scanner
RGB values, which are then converted into CIE L�a�b� val-
ues. We develop a method that yields a one-dimensional
characterization of MTF for arbitrary modulation. The char-
acterization expresses the spatial frequency response in �E
units for a given set of parameter values.

The rest of this paper is organized as follows. In the next
section, we describe how to design a test target page con-
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taining a set of color modulation patches. Following that, we
discuss how to characterize the scanner, which we use to
measure the printer MTF. We then present methods to pro-
cess the scanned image to obtain the printer MTF. Finally,
we show the result of the inkjet color printer MTF measure-
ment for a specific printer. In this paper, we will use the
letters C, M, Y, and K to denote the colors of cyan, magenta,
yellow, and black, respectively.

COLOR MODULATION GENERATED BY A PRINTER
In this section, we show how to design a test target page
which we print, scan, and process to obtain the printer MTF.
First we explain the parameters with which we generate a
color patch containing a modulation signal. We then de-
scribe the arrangement of the major features in the test tar-
get page for an efficient measurement procedure.

Color Patch with Sinusoidal Modulation
We characterize the MTF of a color inkjet printer with a set
of color modulation patches. A color patch is modulated in
a particular direction in a color space described by the RGB
digital values that are input to the printer. For example, Fig.
1(a) illustrates color modulation along the line WM in the
three-dimensional (3D) color cube between the two color
points p and q. Figure 1(b) depicts the corresponding color
modulation attenuated by a printing system. It is represented
in the CIE L�a�b� color space. The attenuated signal is
modulated between the color points P� and Q� rather than
the color points P and Q, which are the counterparts of the
color points p and q in the RGB color cube shown in Fig.
1(a). In our study, we characterize the MTF along the direc-
tions WC, WM, WY, and WK. For a certain modulation
direction in the color cube, we generate a color patch
si

d�m ,n ; l�, l=C ,M ,Y in the subtractive color mode. Here, i
represents the vertex in the 3D color cube, i=C ,M ,Y ,K.
And l is the color plane of the pattern to be printed. The
color signal is modulated between the two vertices i and W
according to

si
d�m,n ; l�

= �� sin�2�fn� + � , if �l = i or i = K� and �d = h� ,

� sin�2�fm� + � , if �l = i or i = K� and �d = v� ,

0, if �l � i and i � K� .
�
�1�

The resulting color patch si
d�m ,n ; l� shows modulation in

either the horizontal �d=h� or vertical �d=v� direction. In
Eq. (1), f is the spatial frequency of the modulation signal, �
is the modulation amplitude, and � is the bias level which is
the center of the sinusoidal signal. In our study, we use 19
values for � out of 256 tone levels

B = ��k � 255�	k = 0.05,0.10,0.15, . . . ,0.95
 , �2�

=�13,26,38, . . . ,242
 , �3�

where �x� denotes the integer closest to x. For each tone level,
we generate color patches of the sinusoidal modulation sig-
nal at nine different frequencies. The color patches are gen-
erated to show modulations at frequencies

�10,20,30,40,50,60,80,100, and 150 cycle/in
 . �4�

We assume that RGB is the input color space of the
printer; so we convert the color patch si

d�m ,n ; l�, l
=C ,M ,Y, which is described in the CMY color space, into
an RGB image ti

d�m ,n ; l�, l=R ,G ,B according to

ti
d�m,n ;R� = 255 − si

d�m,n ;C� , �5�

ti
d�m,n ;G� = 255 − si

d�m,n ;M� , �6�

ti
d�m,n ;B� = 255 − si

d�m,n ;Y� . �7�

Here, we assume that the pixel values for both the CMY and
RGB images are represented in an unsigned 8-bit integer
format.

Figure 1. �a� Color modulation in the 3D color cube. A signal is modulated between the color points p and
q on the line WM. �b� The corresponding modulation attenuated by the printing system. It is represented in the
L�a�b� color space.
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Test Target Page Design
We design a test target page shown in Fig. 2 that includes a
set of color modulation patches, segmentation tools, and
visual aids. In each test target page, we fix the color modu-
lation direction (WC, WM, WY, or WK), and the spatial
modulation direction that is either the horizontal direction
(pen sweep direction) or the vertical direction (paper pro-
cess direction). For example, the color modulation direction
in the test target page shown in Fig. 2 is WC, and the color
signal is modulated in the horizontal direction. In this study
we fix the modulation amplitude � to be 13, which is the
maximum integer value with which we can modulate the
signal at any bias level ��B without clipping the modula-
tion signal. We arrange the color modulation patches in a
matrix, horizontally varying the frequency f and vertically
varying the bias level �. The size of each color patch is
0.53 in�0.53 in. We print the test target page by using the
color inkjet printer that we wish to characterize. We then use
a flatbed scanner to scan the printed target at 1200 dpi, and
segment each color patch from the scanned image to indi-
vidually extract the color modulation information for a par-
ticular parameter set. To avoid edge effects, the segmented
color patch is cropped to 0.50 in�0.50 in, which is equiva-
lent to 600 pixels�600 pixels at the scanning resolution of
1200 dpi. Since the cropping margin in each direction is
only 0.03 in or 36 pixels, an unwanted area might be in-
cluded in the cropped image unless the position of the patch
is accurately located.

In order to precisely determine the position of each
color patch, we put a series of position-locating marks on

the test target page. There are three different types of posi-
tion marks as shown in Fig. 2: The Type I position mark,
Type II position marks, and tick marks. The Type I position
mark has a cross shape, and is used to find the initial posi-
tion of the scanned target image. The tick marks are placed
on the vertical and horizontal lines at the left and top edges,
respectively, of the test pattern region. They are used to lo-
cate the positions of the color patches in the first column
and on the first row. The Type II position marks are used to
locate the remaining color patches on the test target page.

In order to search for the Type I position mark in the
scanned image, we perform a matched filtering operation
using the Type I position mark as the template.16 We then
look for the position showing the greatest value of the
matched filter output computed within a region of interest
which is selected from the upper-left corner area of the
scanned test target page. Once the position of the Type I
mark is located, we sequentially search for other position-
locating marks within regions of interest based on our
knowledge of the location of these marks relative to the Type
I mark. We again find these marks by a matched filtering
approach.

The position marks are also used to determine how
much the page was skewed during the scanning process. We
calculate the slope of a straight line fitted to the locations of
the vertically arranged tick marks in the scanned image. We
consider the scanned data to be valid only if the skewing
angle is less than 1.67�10−3 rad, which is equivalent to a
1 pixel horizontal displacement for each 600 pixels in the

Figure 2. Test target page designed for efficient measurement of printer MTF.
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vertical direction. This criterion is based on the fact that the
side of a segmented color patch is 600 pixels.

For each bias level, there are three constant tone
patches. One is generated with the color value of the corre-
sponding bias level, and the other two patches are generated
with the extreme colors between which the color signal is
modulated. Each test target page is also imprinted with the
bias level, frequency, spatial angle and modulation ampli-
tude. We designed the test target page using MATLAB (Math
Works, Inc. Natick, MA 01760-2098) with a TIFF output file
format.

CHARACTERIZING THE MEASUREMENT DEVICE
In this section, we discuss the characterization of the flatbed
scanner (HP Scanjet 8290: Hewlett-Packard, Ft. Collins, CO
80528) that we use to measure the modulation within each
color patch. In order to use the scanner as a measurement
device, we have to address two key aspects of its perfor-
mance. The first is color calibration, and the other is the
scanner MTF. We discuss these topics in the following two
subsections.

Color Calibration
The color calibration of the scanner is the process whereby
device-dependent scanner RGB values are converted into
color values of a device-independent color space such as CIE
XYZ. Kang presented a color calibration technique,17 which
is a two-step procedure consisting of gray balance and a
matrix transformation. Wu et al. used this approach for the
color calibration of a digital camera.18 We use the same ap-
proach for the color scanner calibration as depicted in Fig. 3.

Scanner nonlinearity and gray balance
Let Fk denote the scanner nonlinearity of the kth channel,
where k=R ,G ,B.19 In order to determine the scanner non-
linearity, we use a set of Munsell gray patches (Neutral value
scale, glossy finish: GretagMacbeth, New Windsor, NY
12553). We measured the luminance value Y of each gray
patch by using a spectrophotometer (Gretag SPM 50:
GretagMacbeth, New Windsor, NY 12553), and scanned the
patches to get the device RGB values. Figure 4 shows the
nonlinearities of our scanner. We use these curves to get the
gray balanced RGB values from the device RGB values. The
curves are basically equivalent to the operations Fk

−1.

Transformation matrix
After obtaining the gray balanced RGB values, we use a
transformation matrix to convert the RGB values to CIE

XYZ values. We determine this matrix by applying linear
regression to data measured from a set of color patches.18 Let
N be the number of color patches in the training set. Let T
be the N�3 matrix of CIE XYZ values of the N color
patches measured by the spectrophotometer and let S be the
N�3 matrix of the gray balanced RGB values. Let M be the
3�3 matrix to transform from gray balanced RGB values to
CIE XYZ values. Then a linear regression model suggests
that

T = SM + E , �8�

where E is the calibration error matrix. To obtain the trans-
form matrix we solve the least squares problem

M̂ = arg min
M

�
i=1

N

��XiYiZi� − �RiGiBi�M�2, �9�

resulting in

M̂ = �StS�−1StT . �10�

Figure 5. Scanner MTF curves for the RGB channels.

Figure 3. A color scanner calibration model.

Figure 4. Scanner nonlinearities for the RGB channels.
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Calibration results
It is well known17,18 that the spectral response functions for
a typical desktop scanner do not span the human visual
subspace. Therefore, the accuracy of the calibration model
given by Eq. (8) will be limited. To overcome this problem,
we restrict the domain of application of the model as much
as possible, and perform the regression given by Eqs. (9) and
(10) using only data from within this domain.

In this study, we used four different transformation ma-
trices to convert the scanner RGB values to the CIE XYZ
values for the four different color modulation directions
WC, WM, WY, and WK. We generated 38 color patches in
each color direction in the 3D color cube, and printed them
in the same way in which we printed the color modulation
patches. The digital values of those color patches are uni-
formly spaced in each color direction. Then we measured
their CIE XYZ values under the Illuminant D65 again using
a spectrophotometer (Gretag SPM 50: GretagMacbeth, New
Windsor, NY 12553). We also scanned those patches and
extracted the RGB color values to obtain the transformation
matrix by the linear regression method. Table I summarizes
the calibration results for the training sets.

Scanner MTF
The goal of this paper is to use a measurement device, spe-
cifically a flatbed scanner, to determine how much an input
modulation signal is attenuated by a printing system. Since
the scanner can also attenuate the signal thereby affecting
the final result of the measurement, we characterize the
scanner MTF, and use this information to compensate the
modulation amplitude that is estimated from each color
modulation patch.

We use the slanted-edge method6 to measure the scan-
ner MTF. By scanning the slanted-edge target in RGB mode
and processing the scanned image, we obtain the estimated
data points of the scanner MTF for each of the RGB color
channels. For each channel j=R ,G ,B we fit to the data in
the range �0 ,150� cycles/ in where we wish to measure the
printer MTF, a two-sided exponential with frequency con-

stant f̄j according to

Hj�f� = exp�− 	f	/f̄j� . �11�

The resulting scanner MTF for each RGB channel is shown
in Fig. 5, which illustrates both the data from the slanted-
edge measurements and the fitted curves. We estimate the
scanner MTF in a linear RGB space, while we measure the
printer MTF in CIE L�a�b� space. Due to the discrepancy
between these spaces, we indirectly apply the scanner MTF

in the compensation process. We discuss this process in the
section Compensation of the Scanner MTF.

MEASUREMENT PROCEDURE FOR THE PRINTER
MTF
Once we segment each color patch from a scanned test target
page, we process it following the procedure in Fig. 6 to ob-
tain the magnitude of the color modulation at a given fre-
quency in CIE L�a�b� color space. The first step is the color
conversion from the scanner RGB value to the CIE XYZ
value. Then, for each of XYZ channels, we spatially project
the color calibrated patch in the vertical or horizontal direc-
tion, which is perpendicular to the modulation direction.
From the projected profile, we perform the color space con-
version from the CIE XYZ space to the CIE L�a�b� space. By
projecting the color points onto a line in the CIE L�a�b�

space, we obtain a modulation signal from which we extract
the modulation magnitude in CIE �E units at the given
frequency. We process an entire row of color patches from
the test target page in this manner to obtain the printer MTF
for a specific bias level, and spatial and color modulation
direction. In this section, we discuss each step in detail.

Color Calibration
Earlier in this paper, we discussed the color calibration
model that we use to convert the RGB values captured by a
scanner into CIE XYZ values. As we described in a previous
section, we used four different transformation matrices to
separately calibrate the scanner for each direction of the
color space modulation WC, WM, WY, and WK.

Spatial Projection
In this study, we characterize the printer MTF in one direc-
tion which is either horizontal or vertical. We obtain the
projection profile for each XYZ channel from a color cali-
brated patch gh�m ,n ; l� or gv�m ,n ; l� according to

gh�n ; l� =
1

M
�
m=1

M

gh�m,n ; l�, l = X,Y,Z , �12�

for a horizontal modulation patch, and

gv�m ; l� =
1

N
�
n=1

N

gv�m,n ; l�, l = X,Y,Z , �13�

for a vertical modulation patch.

Table I. Scanner calibration results.

WC WM WY WK

average �E 0.341 1.126 1.052 1.865

maximum �E 1.280 1.983 2.458 3.044

Figure 6. Printer MTF measurement procedure.
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In Eqs. (12) and (13), M and N are the height and
width, respectively, of the segmented color patch. We call
this operation spatial projection.

Color Space Conversion from CIE XYZ to CIE L�a�b�

We convert from the color space CIE XYZ where we per-
form the spatial projection to the color space CIE L�a�b�

where we evaluate the modulation of each color patch. This
conversion is done with the white point �Xn ,Yn ,Zn� by

L� = 116
 Y

Yn
�1/3

− 16, �14�

a� = 500�
 X

Xn
�1/3

− 
 Y

Yn
�1/3� , �15�

b� = 200�
 Y

Yn
�1/3

− 
 Z

Zn
�1/3� , �16�

with the constraint that X/Xn ,Y /Yn ,Z /Zn>0.008856,20

which was always satisfied in our experiment. The white
point that we use is D65.

Figure 7(a) illustrates a magnified part of the color
patch WC (�=13, �=26, f=30 cpi). Since we scanned the
test target page at 1200 dpi and the modulation frequency of
this color patch is 30 cpi, 40 sample points correspond to
one cycle. Figure 7(b) depicts one cycle of color points in
CIE L�a�b� color space. As we notice, the color points are
dispersed in a particular direction. However, they are not
placed exactly on one line. We measure the modulation
magnitude of the color patch by projecting the color points
onto an appropriate line and calculating the distance be-
tween each projected color point and a reference point. In
the next subsection, we describe how we project the color
points onto a line in CIE L�a�b� color space.

Color Space Projection
For a given bias level �, there are two extreme color points A
and B, between which we assume the other color points are

dispersed as shown in Fig. 7(b). We project these scattered
color points onto the line which connects the two points A
and B which are obtained from the constant tone patches for
the given bias level. Figure 8 shows how a point Q is pro-
jected onto the line which connects the points A and B. In
this figure, let a=OA, b=OB, p=OP, and q=OQ. We de-
fine the unit vector

u =
b − a

‖b − a‖ . �17�

Then the point P which is projected from a point Q onto the
line connecting the points A and B is calculated as

p = ˆu · „q − a…‰u + a. �18�

Also the distance ‖AP‖ between points A and P is obtained
by

‖AP‖ = u · „q − a… . �19�

Since the color signal is modulated between the white
point W and another vertex in the 3D color cube, the light-
ness of one extreme color generally shows a higher value
than that of the other extreme color. Here we assume that
the color point A represents the darker extreme color. We
then calculate the Euclidean distance between each projected
color point and this point. Since the projection is done in

Figure 8. Projection of a point onto a line.

Figure 7. �a� A sample color patch WC ��=13, �=26, f=30 cpi� �b� one cycle of 40 sample color points
in L�a�b� color space.
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the CIE L�a�b� color space, the distance represents a color
difference �E.20 Figure 9 shows one cycle of the projected
color points and the resulting modulation signal obtained by
calculating the distance of each color point from the refer-
ence.

Discrete Fourier Transform (DFT) Spectrum
Figure 10 shows a set of scanned sample patches, their dis-
tributions of color points in the CIE L�a�b� space, the
modulation signals in �E units, and their corresponding
DFT spectra.21 Each row in this figure shows one of the sets
for three frequency levels f=20, 50, and 80 cpi, under the
condition of WC (�=13, �=26). The second column in this
figure reveals that the color points are dispersed more nar-
rowly as the frequency increases. This fact is reflected in the
modulation signals which have a smaller range for the higher
frequency samples. Consequently, the DFT spectra for the
higher frequency samples show smaller magnitudes at the
corresponding frequencies, as indicated in the fourth col-
umn in Fig. 10. The magnitude of each DFT spectrum is
multiplied by an appropriate factor so that it shows the
peak-to-peak value of the modulation signal.

Printer MTF
As described above, we obtain a spectrum which has a peak
at the given frequency of each color patch. For a fixed direc-
tion of color modulation, bias level, and spatial direction, we
obtain the data points of the frequency response FAB�f� by
extracting the DFT magnitude at the frequency correspond-
ing to the modulation for each color patch in the row of the
test target page for the given bias level. Figure 11(a) shows
the frequency response acquired from the color patches for
WC (�=13, �=26).

Let the color difference between the two extreme color
points A and B be EAB. We define the MTF MAB�f� in CIE
L�a�b� space as the ratio of the frequency response FAB�f� to
the color difference EAB

MAB�f� =
FAB�f�

EAB

. �20�

Then the MTF MAB�f� is a normalized frequency response
that reveals the modulation performance of the printer.

Compensation of the Scanner MTF
The MTF MAB�f� resulting from the steps described thus far
is, however, affected by the measurement system that in our
study is a scanner. In order to achieve an MTF which is not
affected by the scanner characteristics, we compensate the
signal attenuation caused by the scanner. We assume that the
MTF MAB�f� can be factored as

MAB�f� = MAB
pr �f�MAB

sc �f� , �21�

where MAB
pr �f� and MAB

sc �f� are the printer MTF and scanner
MTF, respectively. Let

CAB�f� =
1

MAB
sc �f�

. �22�

Then, from Eq. (21), we obtain

MAB
pr �f� = MAB�f�CAB�f� . �23�

We can consider CAB�f� to be a factor that compensates
the impact of the scanner MTF on the modulation signal
between the two color points A and B in the CIE L�a�b�

color space. But we measure the scanner MTF in a linear
RGB color space. Due to the discrepancy between these two
color spaces, we cannot directly use the measured scanner
MTF in this compensation process.

Instead, we use a two-step method by which we indi-
rectly remove the influence of the scanner MTF. First, we
estimate the color points in the RGB color space. Then we
calculate the compensation factor in CIE L*a*b* space.

Figure 9. �a� Color space projection of one cycle of 40 sample color points in L�a�b� color space of the color
patch WC ��=13, �=26, f=30 cpi�, and �b� the corresponding modulation signal obtained by measuring
the Euclidean distance between each projected color point and the reference point A, which is one of the
extreme color points. In this case, the color difference between the two extreme colors is �EAB=7.32.
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Figure 10. �a� Scanned samples, �b� color points in L�a�b� space, �c� modulation signals, and �d� DFT
spectra for the color patches WC ��=13, �=26� at three different frequency levels f=20, 50, and 80 cpi.

Figure 11. �a� The frequency response, and �b� the MTF of WC ��=13, �=26�. Here the normalizing factor
of the color difference �EAB used in calculating the MTF is 7.32. �c� The standard deviation plot of the printer
MTF curve WC ��=13, �=26�. Each standard deviation at the corresponding frequency was calculated
from the MTF measurements of 10 test target pages.
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Estimation of color points in the RGB color space
Let a = �aR ,aG ,aB�t and b = �bR ,bG ,bB�t be the two color
points between which a sinusoidal signal S is modulated at
frequency f in the RGB color space. Let us assume that this
signal S is captured by the scanner; and the scanner gener-
ates an attenuated signal S� modulating between the two
color points a��f�= �aR��f� , aG� �f� , aB��f��t and
b��f�= �bR��f� , bG� �f� , bB��f��t. Let c be the center which we as-
sume to be common to the two modulation signals S and
S�; so

c =
a + b

2
=

a��f� + b��f�

2
. �24�

If we assume that there is no interaction between any two
channels of the scanner, the scanner MTF Mi

sc�f�, i=R,G,B,
can be expressed as

Mi
sc�f� =

ai��f� − bi��f�

ai − bi

, i = R,G,B. �25�

By using the center point c, Eq. (25) can be rewritten as

Mi
sc�f� =

�ai��f� − ci� − �ci − bi��f��

�ai − ci� − �ci − bi�
, i = R,G,B. �26�

Since ai��f�−ci =ci −bi��f� and ai −ci =ci −bi, Eq. (26) can be
rewritten as

Mi
sc�f� =

ai��f� − ci

ai − ci

, i = R,G,B. �27�

Thus,

ai��f� = ci + Mi
sc�f��ai − ci�, i = R,G,B. �28�

With the assumption that there is no interaction between the
color channels of the scanner, we can define a matrix Msc�f�
as

Msc�f� = �MR
sc�f� 0 0

0 MG
sc�f� 0

0 0 MB
sc�f�

� . �29�

Then, Eq. (28) becomes

a��f� = c + Mi
sc�f��a − c� . �30�

Similarly,

b��f� = c + Mi
sc�f��b − c� . �31�

Calculation of the compensation factor in CIE L�a�b�

space
In this section, we describe how to calculate the compensa-
tion factor CAB�f� for the scanner MTF in CIE L�a�b� color
space. We use the notations aRGB and aL�a�b� to represent the
color point a in RGB space and the corresponding color
point in CIE L�a�b� space, respectively. Let aRGB and bRGB be

the two color points between which the sinusoidal signal S is
modulated at frequency f in the RGB color space. Let aRGB� �f�
and bRGB� �f� be the color points between which the attenu-
ated signal captured by the scanner is modulated, which are
estimated by using Eqs. (30) and (31).

We convert the color points aRGB� �f� and bRGB� �f� into

aL�a�b�� �f� and bL�a�b�� �f� by color calibration and color space
conversion. Then we project these two color points onto the
line which connects the two color points aL�a�b� and bL�a�b�,

to obtain the projected color points a�L�a�b�� �f� and b� L�a�b�� �f�.
Let EA�B��f� be the color difference between these two color

points a�L�a�b�� �f� and b� L�a�b�� �f�.
We can describe the scanner MTF MAB

sc �f� for the color
signal modulated between the two color points A and B in
CIE L�a�b� color space as

MAB
sc �f� =

�a�L�a�b�� �f� − b� L�a�b�� �f��

�aL�a�b� − bL�a�b��
=

EA�B��f�

EAB

. �32�

Thus, from Eq. (22), the compensation factor for the scan-
ner MTF is

CAB�f� =
EAB

EA�B��f�
. �33�

Finally, we obtain the printer MTF from Eqs. (23) and (33)
as

MAB
pr �f� =

FAB�f�

EA�B��f�
. �34�

Figure 11(b) shows the MTF curve of the entire system
and the printer MTF which results after compensating for
the scanner MTF. These curves were obtained from the set of
color patches for WC (�=13, �=26). We measured the
printer MTF by averaging the measurements for each data
point from 10 test target pages. The standard deviation for
each data point is shown in Fig. 11(c). We note that it is less
than 0.05 across the entire range of frequencies.

MEASUREMENT RESULTS AND DISCUSSION
For the color directions WC, WM, WY, and WK, we gener-
ated test target pages in a 24-bit RGB image format. We then
printed 10 test target pages for each color direction on glossy
paper from an inkjet printer. The halftone process is done by
the printer driver. In our study we consider the internal
system of the printer including the printer driver as an un-
known system, so that we characterize the modulation per-
formance of the printer by applying the input modulation
signal to the printing system, and then measuring the corre-
sponding output signal from the system.

We scanned the printed test pages at 1200 dpi and ex-
tracted the modulation signal from each color patch to ob-
tain the printer MTF through the procedure described in the
previous sections. For a given color direction, we calculated
the average value of the MTF for each set of measurement
parameters, which are frequency f and tone level �.
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In Figs. 12–15, we explore several different aspects of
the MTF for this particular printer. First, Fig. 12 illustrates
the dependence of the MTF on the bias level � for a given
color modulation direction �WC� and horizontal spatial
modulation. For each fixed bias level �, we see that the MTF
decreases monotonically with increasing spatial frequency f,
as is typical for other types of imaging systems.

For each fixed frequency f, we also observe that the
MTF generally increases, although not monotonically, with
increasing bias level which corresponds to increasing dot
density, as we go from the highlights into the midtones. As

we move from the midtone into shadows, the MTF generally
decreases again. The effect is more pronounced as the spatial
frequency increases.

Figure 13 shows a subset of the same data as in Fig. 12
but as a function of � for fixed values of f. It illustrates this
behavior more clearly, which is due to the inherent limita-
tions of a dispersed dot halftoning algorithm. Rendering any
fixed spatial frequency f requires that the dot density be
increased and decreased over a spatial interval of length 1/ f.
However, as we move from the midtones into the highlights,
the number of dots available per unit area decreases making
this modulation process increasingly difficult. The same
limitations apply as we move from the midtones into the
shadows, but with dots replaced by holes. In addition, the
specific characteristics of the ink drop size and shape would
also be expected to impact the dependence of the printer
MTF on tone level. From Fig. 12, we can summarize the
characteristics of the MTF for this particular 600 dpi printer
and modulation directions in the color and spatial domains
by observing that at the Nyquist frequency of 150 dpi, the
MTF ranges from a high of approximately 0.55 to a low of
approximately 0.22 for all bias levels between 10% and 90%.
Although we have only shown here the dependence of the
printer MTF on bias level for one color direction WC and
horizontal spatial modulation, we observed the same general
behavior for the other color directions, WM, WY, and WK,
and also vertical modulation.

Figure 14 considers a second aspect of the printer
MTF—namely its dependence on the direction of modula-
tion in the color space for a fixed bias level. In the highlights,
we see very little dependence on the direction of color
modulation. As the bias level increases, we see an increasing
degree of dependence of the MTF on the color direction, at
the higher spatial frequencies.

Finally, in Fig. 15, we examine the dependence of the
printer MTF on the spatial direction of the modulation. Al-
though the dependence is weak, we do see that at the higher
frequencies vertical modulation provides consistently higher
gain than horizontal modulation across the range of bias
levels. This is consistent with an earlier investigation of an
inkjet printer22 that revealed much larger variability in dot
placement accuracy in the (horizontal) scan direction than
in the process (vertical) direction. Such variability, which is
due to both the dynamics of the print head movement and
the use of print masking,23 would be expected to decrease
the modulation efficiency in the horizontal direction.

CONCLUSION
In this paper, we introduced a methodology to characterize
the modulation transfer function (MTF) of a printer in the
CIE L�a�b� color space. In the MTF characterization pro-
cess, we used specially designed test target pages consisting
of a set of color modulation patches and scanned the printed
pages to analyze the modulation information. A key step in
this process is the projection of the measured data points
onto a line in L�a�b� space defined by the extreme modula-
tion colors. In order to remove the signal-attenuating effect
of the measurement device, we also measured and compen-

Figure 12. Printer MTF of the horizontal modulation for the color direction
WC for nine different bias levels � as a function of frequency. The modu-
lation amplitude � is 13.

Figure 13. Printer MTF of the horizontal modulation for the color direction
WC as a function of bias level � for four different frequencies f.
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sated the scanner MTF in the printer MTF measurement
procedure. For a specific inkjet printer, we found that the
MTF depends not only on the frequency but also on the bias
point and modulation directions in both the color space and
spatial domain. In particular, we observed that for a fixed
frequency, the MTF is largest in the midtones and decreases
as we move into the shadows or highlights and also that the
MTF is larger for vertical modulation than it is for horizon-
tal modulation. These observations are consistent with the
characteristics, respectively, of a dispersed dot halftone pro-
cess and the print mechanism of an inkjet printer.
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