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A Simple Method to Measure MTF of Paper and its
Application for Dot Gain Analysis

Masayuki UKISHIMA -7, Hitomi KANEKO'T, Toshiya NAKAGUCHI',
Norimichi TSUMURAT, Markku HAUTA-KASARI!f, Jussi PARKKINEN',

SUMMARY Image quality of halftone print is significantly
influenced by optical characteristics of paper. Light scattering in
paper produces optical dot gain, which has a significant influence
on the tone and color reproductions of halftone print. The light
scattering can be quantified by the Modulation Transfer Function
(MTF) of paper. Several methods have been proposed to mea-
sure the MTF of paper. However, these methods have problems
in efficiency or accuracy in the measurement. In this article, a
new method is proposed to measure the MTF of paper efficiently
and accurately, and the dot gain effect on halftone print is ana-
lyzed. The MTF is calculated from the ratio in spatial frequency
domain between the responses of incident pencil light to paper
and the perfect specular reflector. Since the spatial frequency
characteristic of input pencil light can be obtained from the re-
sponse of perfect specular reflector, it does not need to produce
the input illuminant having “ideal” impulse characteristic. Our
method is experimentally efficient since only two images need to
be measured. Besides it can measure accurately since the data
can be approximated by the conventional MTF model. Next,
we predict the reflectance distribution of halftone print using the
measured MTF in microscopy in order to analyze the dot gain
effect since it can clearly be observed in halftone micro-structure.
Finally, a simulation is carried out to remove the light scattering
effect from the predicted image. Since the simulated image is not
affected by the optical dot gain, it can be applied to analyze the
real dot coverage.
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1. Introduction

Image quality of halftone print is significantly influ-
enced by a scattering characteristics in paper. Because
of the scattering in paper, a photon would emerge the
print from a different position of the halftone micro-
structure where it entered, and printed dots are per-
ceived bigger than intended by observers. This phe-
nomenon is known as the optical dot gain or the Yule-
Nielsen effect. The optical dot gain makes the tone
of halftone print appear to be darker, and it affects
not only the tone reproduction but also the color re-
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production [1]. The light scattering in paper can be
quantified by the paper’s point spread function (PSF)
or, equivalently, the paper’s modulation transfer func-
tion (MTF). The PSF is the optical impulse response
of paper. The MTF is defined as the modulus of the
Fourier transform of the PSF. Several researchers have
proposed the method to measure the MTF of paper.
Inoue et al. propose a method to project sinusoidal test
patterns and measure the ratio of modulation depth of
these patterns, respectively [2]. This is the most direct
method for measuring the MTF therefore the measured
data would be accurate. However, it requires to project
and measure iteratively a lot of sinusoidal test patterns
having different spatial frequencies. Inoue et al. pro-
pose another method not to project but to contact si-
nusoidal test target printed on film [3]. This method is
experimentally more simple than the projecting method
but it remains to need measuring several patterns iter-
atively. As more efficient methods, Yule et al. [4], [5],
Engeldrum and Pridham [6], and Atanassova and Jung
[7] measured the line spread function (LSF) of paper
from the edge spread function (ESF) obtained by the
knife edge projection method. If the light scattering
in paper is assumed isotropic, the imaging properties
are specified either by the PSF, LSF, or MTF in the
spatial frequency domain. Their methods are experi-
mentally more efficient than the sinusoidal test patterns
method since only one projected edge image needs to
be measured. However, the measurement accuracy is
not well since the noise in the knife edge response is in-
creased when the derivation is calculated to obtain the
LSF from the ESF. Rogers proposes a series—expansion
bar—target technique [8]: a bar—target image data is
projected on paper and the response is measured. He
calculated the ratio between the series—expansion coef-
ficients of the Fourier transform of measured data and
that of ideal bar—target data in order to decide the MTF
of paper. This method is also experimentally efficient
since only one bar—target image needs to be measured.
However, it is not easy to produce an ideal bar—target
image having sufficiently sharp knife edges.

In this article, we propose a new simple method
to measure the MTF of paper, and apply the measured
MTF to analyze the dot gain effect in halftone print. In
our method for measuring the MTF of paper, a pencil
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light distribution is projected to paper and the perfect
specular reflector. The MTF of paper is calculated from
the ratio between the two response images in spatial
frequency domain. Since the spatial frequency charac-
teristic of input pencil light can be obtained from the
response of perfect specular reflector, it does not need
to produce the input illuminant having “ideal” impulse
characteristic. Next, we predict the reflectance distri-
bution of halftone print using the MTF of paper in mi-
croscopy in order to analyze the dot gain effect caused
by the light scattering in paper since the dot gain ef-
fect can clearly be observed in halftone micro-structure.
Finally, a simulation is carried out to remove the light
scattering effect from the predicted image. Since the
simulated image is not affected by the optical dot gain,
it can be applied to analyze the real dot coverage.

2. A simple method to measure MTF of paper
using perfect specular reflector

2.1 Methodology

A simple method is proposed to measure the MTF of
paper. A pencil light profile is projected to paper and
the intensity distribution of reflected light, o;(z,y) at
spatial coordinate (x,y), is measured. The light trans-
fer behavior of the pencil light into paper is given by,

or(z,y) = ir(x, y) * {rp,PSFy(2,y)}, (1)

where i;(z,y) is the intensity distribution of incident
pencil light, r,, is the reflectance of paper, PSF,(z,y)
is the PSF of paper and * indicates the operation of
convolution integral. From the Fourier transform of
Eq. (1), the MTF of paper is given by

1 0w, v)|
rp [1(u,v)]
at (u,v): I (u,v)] > e, (2)

MTF,(u,v) =

where O;(u,v) and I;(u,v) are the Fourier transforma-
tions of o;(x, y) and i;(x, y), respectively. Theoretically,
the MTF of paper can be calculated at any (u,v) where
[I;(u,v)] > 0 using Eq. (2). However, the signal-to-
noise ratio becomes to be worse when |I;(u,v)| is small
value. The empirical threshold value ey, is introduced
to cutoff the MTF whose accuracy of calculation is low.
Equation (2) indicates that the MTF of paper can be
calculated if I;(u,v) and r, are obtained. If the func-
tion 4;(x,y) can be assumed as ideal impulse, i.e. two
dimensional Dirac delta d(zx,y) defined by

(5(I,y) =0 if (x’y) # (070)

and
// 6(z,y) drdy = 1,

the function I;(u,v) becomes to be one at any spatial
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frequency (u,v). However, the function I;(u,v) practi-
cally decreases in high spatial frequency in many cases
since it is hard to produce the ideal impulse illumi-
nant. To solve this problem, in our method, the same
illuminant ;(z,y) is projected to a perfect specular
reflector in order to obtain the exact distribution of
Ii(u,v), and the intensity of reflected light oj(x,y) is
measured, where we assume that the reflectance of the
perfect specular reflector are 1 and its PSF can be rep-
resented as two dimensional Dirac delta, respectively.
Hence oj(z,y) is the same as 4;(z,y). The function
I;(u,v) can be calculated from the Fourier transforma-
tion of oj(x,y). Finally, the reflectance of paper r, is
decided by following equation using the definition that
MTF,(0,0) =1 in Eq. (2):

(3)

2.2 Experimental system

An optical microscope (BX50, Olympus) was used for
measuring o;(z,y) and o)(x,y). This microscope illus-
trated in Fig. 1 has two halogen light sources which
illuminate the sample from the front side (reflectance
mode) and the back side (transmittance mode), respec-
tively. In this measurement, the reflectance mode is
used. The intensity distribution of pencil light 4;(x, y)
is produced by closing iris and narrowing down the
light beam. A plastic plate coated with chrome and
polished is used as the perfect specular reflector. The
reflected lights, o;(z,y) and oj(x,y), are exposed with a
digital monochrome camera (INFINITY4-11M, Lumen-
era corp., CCD, USB2.0) attached to the microscope
which each pixel has 12-bit depth, maximum resolu-
tion is 4008 x 2672, and the sampling pitch on the cap-
tured image is 0.67um. To convert the light source
to white color, two Light Blue Daylight (LBD) filters

Digital camera
; \ Polarizers
F

T 1o
— Light source

Sample

[~ 1o

Light source

Fig.1 The optical microscope having two light sources for re-
flectance and transmittance measurements
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were placed in front of each light source. To elimi-
nate the specular reflection component, two polarizers
were placed in front of the light source for reflectance
mode and the camera, respectively. For spectroscopy
analysis, a bandpass filter can be placed in front of
the camera. We arranged five types of bandpass fil-
ter whose peak wavelengths of spectral transmittance
are 450, 500, 530, 550 and 600nm, respectively. When
oj(z,y) from the perfect specular reflector is measured,
the polarizer in front of the camera was detached.

2.3 Measuring result of paper’s MTF

We measured the MTF of an inkjet printing paper (XP-
101, Canon) having a coating of gloss. Figures 2(a) and
(b) show measured images o;(z,y) (paper) and oj(z,y)
(perfect specular reflector), respectively. Compared to
oj(z,y), the image o;(x,y) is significantly blurred by
the MTF of paper. Calculating the MTF in Eq. (2),
the threshold value ey, was set to 0.020 empirically.
Figure 3 shows a three-dimensional plot of measured
MTF),(u,v) with 550nm bandpass filter. Figure 4 shows
two-dimensional plots of this MTF with respect to sev-
eral deflection angles on the polar coordinate. It shows
the MTF of this paper is isotropic. The solid line in
Fig. 4 indicates an empirically-determined approxima-
tion curve by an equation

1

1+ (2nfd)?’ @

MTF,(f) ~

where f is the spatial frequency and d is a fitting co-
efficient; in this case d = 0.0106. Equation (4) is a
square root of Lorentzian. Rogers also fitted the data
of paper’s MTF with the same equation [8]. Inoue et
al. fit their data with a function [1 + (27 fd)?]~3/2 [2].
This function is a little different from Eq. (4), how-
ever, Rogers represents Eq. (4) would actually give a
better fit to their data, too. These discussions confirm
high measurement accuracy of our data. Figure 5 shows
MTFs with each bandpass filter. The shorter the peak
wavelength of bandpass filter is, the higher the MTF
is. Photons having short wavelength cannot penetrate
into deep point of paper since its scattering power is
strong, therefore, the MTF becomes to be high. How-
ever the difference is not significant. Figure 6 shows
the measured MTFs of other types of paper for the
offset printing such as a gloss—coated, a semi-gloss—
coated, a matte—coated and a uncoated produced by
MITSUBISHI PAPER MILLS LIMITED. The coated
types of paper have higher MTF than the uncoated pa-
per except for the inkjet printing paper. The inkjet
printing paper has lower MTF than all types of offset
printing paper. We consider that the inkjet printing pa-
per has a high scattering of light since it has a porous
structure in coating layer in order to increase the pen-
etrating ability of ink into paper.

Four principal advantages of our method and sys-
tem are (1) simplicity: only two images, o;(z,y) and
0j(x,y), need to be measured, (2) high accuracy: the
same approximation can be done to the measured data
with the conventional MTF model, (3) orientational de-
pendency can be analyzed with Fig. 3 and (4) wave-
length dependency can be analyzed with Fig. 5.

(a) oi(@,y) (b) oz, y) (= it(z,y))
Fig.2 The reflection images of pencil light from (a) the gloss—
coated inkjet printing paper and (b) the perfect specular reflector

-10 -10

v [cycles/mm] u [cycles/mm]

Fig.3 A three-dimensional plot of measured paper’s MTFy, (u, v)
with 550nm-bandpass filter
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Fig.4 Two-dimensional plots of MTF,(u,v) with respect to
several deflection angles on the polar coordinate
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Fig.5 Measured MTFs of the inkjet printing paper MTF, (u, v)
with several bandpass filters (Approximated curves using Eq. (4))
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Fig.6 Comparing MTFs of various types of paper: an inkjet

printing paper and four types of offset printing paper which are
gloss—coated, semi—gloss—coated, matte—coated and uncoated

2.4 Independency of MTF on projection profile

The proposed method in the sub—section 2.1 measures
the projection profile i;(x, y) and its effect is canceled in
Eq. (2). Therefore, theoretically, the measured MTF is
independent on the projection profile. However, prac-
tically, if the function I;(u,v) has small values at the
spatial frequency (u,v), the signal-to—noise ratio of
MTF,(u,v) becomes to be low. Therefore, accurate
MTF can be measured by the projection profile which
has the enough high spatial frequency components. In
other words, the projected illuminant should be the
profile which has

1. a small diameter, or
2. parts of sharp edge.

The profile illustrated in Fig. 2(b) has not so small di-
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Fig.7 The differece of measured MTF when the different di-
ameter was used: Imm (profilel) and 1.4mm (profile2)

ameter which is about 1mm, however, it has several
parts of sharp edge. Since our microscope system can
change the diameter of projection profile, we measured
and investigated the dependency of MTF on the projec-
tion profile (diameter). Figure 7 shows the difference of
measured MTF when the different diameter was used.
In Fig. 7, the profilel indicates the measurement re-
sult of Fig. 2(b), and the profile2 has bigger diameter
than the profilel, which is about 1.4mm. Compared to
the profilel, the MTF measured by the profile2 has less
data points since its signal-to—noise ratio is lower and
many data points are cut off by the threshold e, in

Eq. (2).

3. Reflectance distribution prediction of printed
image in microscopy

We proposed a simple method to measure the MTF
of paper in previous section. In this section, we pre-
dict the reflectance distribution of halftone print us-
ing the measured MTF in microscopy in order to an-
alyze the dot gain effect. Several models have been
proposed to describe the light propagation in printed
paper. As macroscopic prediction models which pre-
dict the average reflectance of printed halftone patch,
two of the most popular models are the Murry-Davis
equation and the Yule-Nielsen equation [4],[5]. The
Murry-Davis equation predicts the reflectance by the
dot coverage of print, however, the prediction accuracy
is not well since it does not consider the dot gain effect.
The Yule-Nielsen equation modifies the Murry-Davis
equation considering the dot gain effect with the em-
pirical factor n. The Clapper-Yule model [9] considers
explicitly into account both the multiple internal re-
flections between the paper substrate and the print-air
interface and the lateral propagation of light within the
paper bulk. Hersch et al. [10] and Hébert et al. [11]-[13]
propose their models modifing the Clapper-Yule model.
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Yang et al. [14] propose their model considering the ef-
fect of ink penetration into paper substrate. However,
these models can only predict the average reflectance
in macroscopy. As microscopic prediction model, Inoue
et al. propose the reflection image model [3]. We intro-
duce the reflection image model in this article since the
dot gain effect can clearly be observed in the halftone
micro-structure.

3.1 Prediction by reflection image model

In the reflection image model illustrated in Fig. 8, the
light transfer behavior in halftone print is given by

Orh(l'vy) = irrs
+ ir(1 = ro)rp{ti(z,y) » PSFy(z,y) }i(, y), ()

where o, (z,y) is the output intensity distribution
when the spatial uniform light 4, is illuminated to a
halftone print, and 7, is the specular reflectance of the
print. The specular reflectance 7 is determined by the
relative refractive index between air and the printed
paper. To be exact, the specular reflectance r; should
be the function of the spatial coordinate (x,y) since
the refractive index of paper and that of ink are dif-
ferent. However, since the difference of refractive in-
dexes between paper and ink is enough smaller than
the difference between air and paper or air and ink, it
can be assumed that r, is spatially uniform. Hersch
et al. describe and use the same assumption in their
work [10]. In Eq. (5), a portion of i, is reflected by the
specular reflectance rg of the print. The other portion
of incidence, i,(1 — r4), transmits the ink layer having
its transmittance distribution ¢;(x,y). The transmit-
ted light from the ink layer is scattered by the PSF of
paper, PSF,(z,y), and reflected by the reflectance of
paper, 7p. The reflected light from the paper layer is
observed after transmitting the ink layer having ¢;(z, y)
again. The specular reflectance rg is not concidered,
i.e. ry = 0, in the original model described in Ref. [3].
However it is difficult to perfectly exclude the specular
reflection component even if the polarization technique

!ncident light
Specular reflection | Ir
i r
Reflected light
on(xy) AT

Transmitted light
Oth(Xry)

r >‘< t Paper
Light scattering Incident light
PSF,(x.y) i,

Fig.8 The light transfer behaviors of the reflection image
model and the transparency image model

is used like our microscope system, therefore, we con-
sider rs. If ¢;(x,y) = 1 at any position (z,y) in Eq. (5),
it indicates there is no ink layer. Therefore, the output
light intensity o,, from un-printed paper is given by

—7s)Tp- (6)

A relative reflectance distribution of printed paper
r;(x,y) from un-printed paper is defined by

Orp = trTs +ir(1

ri(@,y)
= orn(z,y)/0rp
= (1 - A) + A{tl(m,y) * PSFP(xvy)}ti(xvy) (7)

with

(I—re)rp

A=-———2PF
(I—rs)rp+rs

(8)

If the PSF of paper is symmetric i.e. it has no phase
shift, the convolution integral part in Eq. (7) can be
easily calculated using the MTF of paper and Fourier
transform:

ti(w,y)¥PSFy(z, y) = § {§{ti(2,y) }MTFy(u, v)}
(9)

where §{} and §~!{} are the operations of Fourier
transform and inverse Fourier transform, respectively.
The function r;(x,y) is obtainable since o, (z,y) and
orp are measurable with our microscope system in re-
flectance mode. The reflectance distribution can be
predicted using the right-hand side of Eq. (7) if ¢;(z,y)
and A are obtained. To obtain ¢;(z,y), the intensity
distribution of halftone print, oy, (x,y), is measured
with the transmittance mode of our microscope system.
The intensity distribution oy, (z,y) is given by

Oth (.CC, y) = 7:ttpti(xv y)a (10)
where 7, is the light intensity of illuminant for transmit-
tance mode and t, is the transmittance of paper. The
incident light transmits the paper layer and ink layer,
respectively (Fig. 8). The incident light is scattered
in paper when it transmits the paper layer. However,
the convolution integral by the PSF of paper can be
ignored mathematically since spatial uniformities of 4,
and t, are assumed. Equation (10) is called the trans-
parency image model [15]. The intensity distribution of
un-printed paper, o4,(z,y), is also measured with the
transmittance mode of our microscope system. The in-
tensity distribution oy, is given by

Otp = ittp. (11)
From Egs. (10) and (11), one can derive
tila,y) = 2A0) (12)

Otp(mv y) )

)



The coefficient A can be obtained from the measure-
ment of solid print. The solid print has 100% dot
coverage, therefore t;(z,y) = ;100 (ti100: constant
value). Since ¢; 100 is constant, the convolution inte-
gral by PSF,(x,y) can be mathematically ignored in

Eq. (7):
rito0=(1—A)+ A {ti,100}2 ; (13)

where 7; 100 is 7;(z,y) when ¢;(z,y) = ¢; 100. Therefore,
one can derive

__Tigoo—1
{ti,100}2 -1

where r; 100 can be obtained from the fraction be-
tween Egs. (5) and (6), and ¢; 100 can be obtained from
Eq. (12). The accuracy of prediction can be evalu-
ated using the error distribution e(z,y) between the
measured function 7;(z,y) and the predicted function
ri(z,y) by the right-hand side of Eq. (7):

e(x,y) = |7“1‘(£L'7y) - r;(x,y)|, (15)

or can be evaluated by the difference d,,. between the
average reflectance of measured and predicted:

(14)

dave = Tave — T:z'ue (16)

with

1 fle
Tave = 7/ / T(x,y)dxdy
lmly 0 0
1l fle
Tove = 77 / / r'(x, y)dady,
lzly 0 0

where [, and [, are the horizontal length and the ver-
tical length of both r(x,y) and »'(z,y).

3.2 Prediction experiment

Using Eq. (7), the prediction experiment of reflectance
distribution was performed. A dye-based inkjet printer
(W2200, CANON) was used. The printing resolution
is 1200dpi. We printed 11 halftone color patches using
cyan ink whose each nominal dot coverage is 0 (un—
print), 10, 20, ..., 90 and 100% (solid print), respec-
tively. The gloss—coated inkjet printing paper whose
MTF was measured in Section 2 was used. First, we
measured the un-printed paper with the microscope in
the reflectance mode and the transmittance mode to
obtain o,, and o,. Next, we measured the solid print
and obtained r; 100 and ¢; 100 to calculate the value A
by Eq. (14). Next, we measured each halftone print
to obtain each o,n(x,y) and o (z,y). Next, r;(z,y)
and t;(x,y) of each halftone print were calculated by
Egs. (7) and (12). Next, the predicted reflectance
distribution 7(x,y) of each halftone print was calcu-
lated by the right-hand side of Eq. (7). Finally, e(z,y)
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and dg,. were calculated by Eqs. (15) and (16). Fig-
ures 9(a)-9(e) show the measured or predicted images
of t;(z,y), ti(z,y) * PSFy(x,y), ri(z,y), ri(z,y) and

e(z, ) Figure 10(a) shows the average reflectance, 74
and 1., With respect to each input nominal dot cover-
age. At the all points, the predicted value is less than
or equal to the measured value. It means the predic-
tion would overestimate the optical dot gain effect. We
consider that, to be exact, the penetration of ink into
paper a little decreases the scattering ability of paper
layer. However, the prediction accuracy is relatively
well since dgq,. was 0.0216 in the worst case.

3.3 Prediction for pigment-based print

To analyze the dependence of prediction accuracy on
the type of ink, the same prediction experiment as
described in sub-section 3.2 was performed with re-
spect to the pigment—based print. Several patches
printed with pigment—based offset printer was used,
whose nominal dot coverage are 0 (un—print), 10, 20,
40, 70 and 100% (solid print) of cyan ink, respectively.

z,y)

(e) e(z,y) ORACHY)
Fig.9 Measured and predicted images: (a) the measured
transmittance distribution, (b) the transmittance distribution
convoluted by the PSF of paper (c) the predicted reflectance dis-
tribution, (d) the measured reflectance distribution, (e) the error
distribution between the measured and predicted, and (f) the
simulated reflectance distribution without the optical dot gain
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dot coverage: (a) the dye-based inkjet print and (b) the pigment-
based offset print

Figure 10(b) shows the average reflectance of measured
(rave) and predicted (rl,.). Compared to the dye—
based print, the prediction accuracy was lower since
the maximum error was 0.0275. We consider that, in
the reflection image model, the light scattering effect in
ink layer is ignored, however, the scattering in pigment
is bigger than in dye, therefore, the prediction accuracy
of pigment—based print was a little lower than that of
dye-based print. If the ink layer has high scattering
ability, the incident ratio into paper layer becomes to
be lower. Therefore, we consider that the optical dot
gain in the pigment—based print is also lower than that
of dye—based print. If the ink layer has high scattering
ability, the incident ratio into paper layer becomes to
be lower. Therefore, we consider that the optical dot
gain in the pigment—based print is also lower than that
of dye—based print.

3.4 Dot gain analysis

The dot gain effect can be categorized to two types: a
mechanical dot gain and an optical dot gain. The me-
chanical dot gain is a phenomenon in printing whereby
printed dots are actually printed bigger than intended
because of the viscosity of ink. The optical dot gain is a
phenomenon in printing whereby printed dots are per-
ceived bigger than intended because of the light scat-
tering in paper. It is difficult to separate two types of
dot gain since these are observed simultaneously. In
this sub-section, we try to separate two types of dot
gain. In Eq. (7), we can consider that the mechani-
cal dot gain effect is included in ¢;(z,y), and on the
other hand, the optical dot gain effect is caused by
PSF,(z,y). Therefore, the function ;(x,y) includes
both effects of mechanical dot gain and optical dot gain.
If we set MTF,(u,v) =1 in Eq. (9), predicted r;(x, y)
would not contain the optical dot gain. Figure 9(f)
shows the simulated image r”(z,y) where MTF,(u,v)
is set to one. Compared to the r'(z,y) (Fig. 9(c)), the
image 1 (x,y) is brighter and sharper because of no op-
tical dot gain. The image r”(x,y) has only the effect
of mechanical dot gain, therefore, it can be applied to
determine the real dot coverage of print.

4. Conclusion

A new method to measure the MTF of paper was pro-
posed. Our method is experimentally efficient since re-
quired measurements to calculate the MTF are only
two images: reflection images of a pencil light from pa-
per and from a perfect specular reflector. Our method
would have high measurement accuracy since the mea-
sured data can be approximated by the same function
suggested by Rogers [8]. Using the measured MTF, the
microscopic reflectance distribution of inkjet image was
predicted by the reflection image model. The predic-
tion accuracy of average reflectance was less than 3%. A
simulation was done to remove the effect of optical dot
gain from the predicted reflectance distribution chang-
ing the MTF of paper to one. The simulated image
has only the effect of mechanical dot gain, and can be
applied to analyze the real the dot coverage of printed
image.
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