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Institute of Printing Science and Technology, Technische Universität Darmstadt, Germany
happel@idd.tu-darmstadt.de

Abstract
Optical dot gain (ODG) plays an important role for predict-

ing the color of printed halftones. The detailed knowledge of light
scatter within the printing substrate might improve the accuracy
of printer models and can reduce the number of required training
colors to fit the model to the printing system.

We propose an apparatus and method for measuring local
anisotropic light scatter within graphic arts paper for predict-
ing ODG. The setup is a modification of existing approaches for
a more robust determination of the light’s point spread function
(PSF). To verify our approach we develop a simplified color pre-
diction model for printed halftones that is based only on the re-
flectances of the fulltone color and the paper and incorporates the
PSF for modeling the ODG. Our experiments show that the accu-
racy of the model in terms of color differences to the measured
colors was improved by considering ODG.

Introduction
The reflectance spectrum of a print reproduction is a result

of various factors including the spectral reflectance properties of
inks and papers, the scattering behavior of incident light within
the paper as well as the considered printing process and halftone
method. Printing system properties such as the printer gamut or
the optical dot gain (ODG) directly depend on these factors.

In order to correctly control a printing process we need a
mathematical model of the printer that accurately predicts spectral
reflectances of the printout given a particular set of control values.

We can find a wide variety of models for predicting spectral
reflectances of multi-ink prints in literature. Wyble and Berns [1]
distinguish two general types of printer models: regression based
models and first principle models. They state that most models
used in practices are regression based models. These models sim-
ulate the behavior of the system as a whole and are not necessarily
based on physical principles. In general, test patches are printed
and the model parameters are fitted to the reflectances measured.

If one of the influencing factors, such as ink, paper or the
printing process is changed, new test patches have to be printed
and the model parameters have to be fitted again. It is very dif-
ficult to calculate correction factors to transfer the printer model
to a different setup. Furthermore, the number of test patches re-
quired for accurately fitting the model to a setup usually increases
drastically with the number of inks. The frequently used cellular
Yule-Nielsen spectral Neugebauer model (CYNSN) [6, 7, 8, 9]
with x grid points requires xk test patches, where k is the number
of inks. Modeling a four-ink system utilizing five grid points re-
sults in 625 test patches. For a seven-ink system the number of
test patches increases to 78,125. The measurement effort as well

Expenses for fitting a printer model
number of number of area covered with test
inks test patches patches (5mm x 5mm)
4 (CMYK) 625 0.0156 m2

7 (CMYKRGB) 78,125 1.95 m2

as the required resources in terms of consumables to print these
test patches exceed any practical dimension (see table).

In recent years printing with seven (CMYKRGB) and more
inks became increasingly important and new printers such as the
Canon imagePROGRAF IPF6100 or HP Z3200 with up to 12 inks
were introduced to the market. The described drawbacks of re-
gression based models limit their applicability for those systems.

In contrast, first principle models simulate the physical pro-
cesses of the printing system. Even if we consider a printing sys-
tem with more than four inks we can assume that only a few test
patches are required to fit a first principle model. In this case, the
overall number of model parameters of the first principle model
should be significantly smaller than the number of parameters of
the regression based model ( j+k ≪m see figure 1). Additionally,
some of the results might be transferable to other printing setups.
If only the paper differs, all parameters that are paper-independent
have not to be changed. Hence, it is plausible that the effort for
fitting a model to a setup can be reduced drastically using a first
principle model.

To better understand the concept of first principle models we
need to look closer at the printing process: A raster image pro-
cessor (RIP) calculates a digital halftone pattern from the printer
control values (figure 1). The printer creates a physical image of
this pattern onto the paper (concept images in figure 1). Usually,
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Figure 1. Printing process and two different types of printer models
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the dots on paper are larger than intended. This phenomenon is
called ink spread and is influenced by the printing machine and
by ink paper interactions. But this spatial ink distribution does
not directly correlate with the reflectance spectra that can be mea-
sured. The measured dots seem to be larger than expected. This
is called the ODG and is caused by light scatter in paper. This
optical phenomenon influences human observation and measure-
ments. In figure 1 a first principle model is presented that models
ink spread and ODG separately, combining a mechanical dot gain
model with an ODG model. In this paper we focus on the optical
and do not investigate the mechanical dot gain.

It is consensus within the scientific community that model-
ing ODG is a key element of an accurate printer model. There
have been various approaches for describing light scattering [2, 3]
and models for the combined effects of absorption and scatter-
ing [4, 5]. But the measurement of real light scattering in paper is
difficult. Most models, regression based and first principle respec-
tively, combine physical and empirical approaches. An example is
the Yule-Nielsen model. Considering the ODG, Yule and Nielsen
have introduced an empirical factor [10] that was incorporated
into the Neugebauer model. Experiments show that considering
ODG using this Yule-Nielson ”n”-factor improves the accuracy of
the Neugebauer model significantly [11].

For this reason, detailed investigations were conducted to re-
late the ODG to physical properties of the printing process [12, 13,
14]. An important factor is the light’s point spread function (PSF)
that describes the photon migration within the paper. Knowing
the PSF allows us to model the ODG by convoluting the halftone
pattern (after ink spread) with the PSF (see figure 2). Hence, the
PSF is the key parameter that enables us to separate the mechani-
cal from the ODG as shown in figure 1.

Figure 2. ODG as a convolution of a test pattern with a PSF

A PSF measurement setup has been proposed by Yule and
Nielsen [10], where a tungsten filament was projected onto the
paper’s surface. The light descent of the ideally sharp edge of the
filament is related to the light scattering in the paper and was ob-
served through a microscope. Later, they suggested to project a
sharp edge of a blade, thusly generating a sharply edged shadow
zone. The blade was inserted into the light beam of a microden-
sitometer. Arney et al. [15] used a CCD chip for detection and
changed the illumination angle from 45◦ to 20◦. The disadvan-
tage of the 45◦ angle was the effect of shadowing of the paper
fibers caused by the rough surface. This could be resolved, when
Ackermann et al. [16] chose a 0◦/0◦ measurement setup by using
the beam splitter of a microscope. He also used a CCD camera
for detecting the projected edge of a razor blade. In this work,
a method for measuring the light scattering in paper is presented,
which is based on the measuring methods described above. [17] In
contrast to previous approaches, our method shows the following
improvements:

1. It is not necessary to know the position of the edge of the
dark zone exactly in order to derive the point spread proper-
ties of the sample paper.

2. A sample holder allows for simple and accurate focusing.
3. Angular anisotropic scattering can be measured by rotating

the sample holder around the vertical axis of the microscope.

To validate our method we present example measurements
that show good correlation to the ODG of printed AM halftones.
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Figure 3. Measurement setup

Measurement Setup
To measure the PSF , a microscope was modified according

to figure 3. The setup consists of three logical parts: an illuminat-
ing unit, an observation unit, and a sample holding unit (figure 4).
As illumination, a halogen lamp provides a continuous spectrum.
A razor blade, inserted into the light path generates an illumi-
nated and a shadowed region. The razor blade focus allows the
resulting image being sharply projected onto the sample surface.
The beam splitter deflects the shadow image, projecting it onto
the sample in 0◦ illumination angle. For observation, the image
passes the beam splitter and can be recorded with a camera in a
0◦ observation angle. We used a CMOS RGB camera, evaluating
only the green pixels. The pixel rows of the camera are aligned
to the projected edge. Two slots allow for optional polarization
filters that can be inserted into illuminating unit and observation
unit respectively. The direction of polarization of the filter of the
illuminating unit can be adjusted to be parallel or orthogonal to
the filter of the observation unit.

The sample holder (figure 4) is divided into two parts. The
first part holds the reference, i.e. a mirror or a defined rough re-
flector, the second part holds the sample. Both, sample and ref-
erence are beared against the front plate of the holder, fixed with
springs. Thusly, the surfaces of sample and reference are nearly
perfectly aligned. After focusing the reference surface and taking
the reference image, no focus corrections need to be made for the
sample. The sample holder is moved sideways until the sample
is in the observation path. Now, all measurement images can be
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acquired. For anisotropic measurements, the sample holder can
be rotated around the vertical axis of the microscope, e.g. in 10◦

steps.

reference

part 1 part 2

spring

sample

focus

shift

microscope stage

Figure 4. Sample holder; reference part (1) and sample part (2)

Measuring Anisotropies of Sample Papers
For each of the 36 angles, investigated for each paper, a 2D

image is captured. In a preliminary step the rows of the image
can be averaged along the direction of the edge without losing
any important information. This reduces noise and redundant data
significantly. The output of this computation is referred to as the
sample edge spread function (ESF) E in the following (see figure
10).

For our measurements we used three wood-free graphic arts
papers typically employed for offset printing:

1. LumiArt (StoraEnso), 115g/m2, glossy coated
2. LumiSilk (StoraEnso), 115g/m2, matt coated
3. MaxiOffset (Igepa), 80g/m2, uncoated

Qualifying the anisotropies of the measurements, we used
the distance x0.1. This value is defined as the distance from the
mean of the ESF to the point, where the ESF has dropped to 10%
of its maximum. For visualization purposes a polar diagram fea-
tures the clearest presentation of anisotropies, performing as an
indicatrix of isolines. Figure 5 shows the 10%-indicatrices of all
three papers and their mean radius in dotted lines. The radius is
scaled in pixel of the camera. As it can be seen, paper 1 and paper
2 feature almost isotropic scattering. A slightly bigger deviation
from an isotropic circle can be found for paper 3, the uncoated
paper.

40
80

paper 2: LumiSilk

paper 1: LumiArt

paper 3: MaxiOffset

Figure 5. 10% isolines as indicatrices for anisotropies of the sample papers

In the following calculations, these anisotropies will be ne-
glected. The assumption of isotropic scattering is reasonable, es-
pecially if we consider a certain noise in the measurements. Thus,
for each paper, the computations are based on the mean of the
measured ESFs over all angles.

PSF LSF ESF

light emission

irradiance

Figure 6. PSF, LSF, and ESF; irradiance and corresponding emission of a

sample with scattering properties

Deriving the LSF and PSF
Three spread functions (figure 6) have to be considered for

describing scatter within paper: point spread function (PSF) P(r),
line spread function (LSF) L(x), and edge spread function (ESF)
E(x). If scattering is isotropic, the relation between the three
spread functions can be described [18] according to equations 1-4.

L(x) =
d
dx

E(x) (1)

E(x) =
∫ x

−∞
L(ξ )dξ (2)

P(r) =− 1
π

∫ ∞

r

L′(x)√
x2 − r2

dx. (3)

L(x) = 2 ·
∫ ∞

x

r ·P(r)√
r2 − x2

dr (4)

Some requirements have to be satisfied for measuring the
ESF with the measurement setup introduced above: the illumina-
tion and the CMOS quantum efficiency of the camera have to be
spatially homogeneous or at least known for correction. Addition-
ally, Fresnel diffraction at the razor blade and other optical scatter
or absorption properties of the microscope need to be considered.
It is extremely difficult (if not impossible) to project an ideally
sharp shadow edge onto the paper and accordingly, to know the
position of the edge excactly.

Therefore, the direct measurement of the ESF and deriving
the PSF analytically according to equations 1-3 is hard to handle.
Instead, the PSF can also be approximated. In a first step, the
razor blade has to be projected onto the reference surface (mirror
or a defined rough reflector). The corresponding camera image is
assumed to be the best achievable edge image and its mean along
edge direction is called reference ESF (Ere f ) in the following. We
assume that light scatter within the reference material is negligible
and has no influence on the reference ESF. All differences from
an ideally step-like image are caused by internal reflections in the
microscope, inhomogeneous illumination and possible diffraction
at the razor blade edge. The second step is to take images of
the edge projections onto our sample. We assume that all optical
perturbations stay the same. In this case, the sample ESF (E) must
be a convolution of the reference ESF Ere f with some unknown
function F .

If diffuse surface reflections and other unknown errors are
small and can be neglected, the function F is the LSF. Thus, it
could be derived from the reference and sample ESF by decon-
volution. Unfortunately, the noise of the images makes deconvo-
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lution difficult and a solution is afflicted with uncertainty. There-
fore, some more information about PSF and LSF is required. In
literature we find different ansatzes (approaches) for light scatter
within paper [2, 3], summarized by Berg [4]. We will concen-
trate on the ansatzes for isotropic PSFs and corresponding LSFs
utilizing one parameter σ shown in the following table:

Different PSFs and corresponding LSFs

j Pj(r) L j(x)

1 ρ1 · exp(−u2/2) ≈ ρ1σ
√

2π · exp
(
−v2/2

)
2 ρ2 exp(−u) 2ρ2|x| ·K1 (|v|)

3 ρ3/
(
1+u2) ρ3πσ/

√
1+ v2

4 ρ4/(1+u)2 2ρ4σ
v2 ( π

2 − sin−1 ∣∣v−1
∣∣)−√

v2 −1(
v2 −1

)3/2

where u = r/σ and v = x/σ . Using these ansatzes we can
write the convolution of the reference ESF as:

E j = Ere f ⊗L j (5)

We also added ansatz 4, which decreases proportionally to
the square of the radial distance. This type of equation is com-
monly used in physics, e.g. for the decrease of electromagnetic
fields or sound. Any parameter σ defines a PSF and an LSF that
can be convoluted with the reference ESF Ere f according to equa-
tion 5, and compared to the sample ESF E, using the root-mean-
square deviation (RMSD). In this case, the RMSD is a measure of
the approximation accuracy. We used this RMSD as the objective
function for our optimization, varying the parameter σ . The pa-
rameter ρ j is a scaling factor that differs from ansatz to ansatz. It
depends only on σ and is chosen to satisfy the energy conserva-
tion: ∫ ∞

−∞
L(x)dx = 1 (6)

Figure 7 shows an independent representation of the PSFs of
ansatzes 1 to 4: the ordinate is the independent PSF P · σ , the
abscissa is the independent radius r/σ .
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Figure 7. Representation of the PSFs according to the different ansatzes

The main advantage of this method compared to the analyt-
ical approach of equations 1-4 is that the knowledge of the exact
position of the edge is not required for determining the PSF.

Figure 8 shows the algorithm for computing the LSF accord-
ing to a chosen ansatz with the optimized parameter σend .

reference ESF E
ref

sample ESF E

ansatz for LSF L
j

ESF E
i

RMSD

starting parameterσ
0

varied parameter

σ
i+1

captured images

convolution

optimization

σ
end

 for L
j
 and P

j
 

yes no

Figure 8. Computation algorithm for deriving an optimum LSF with a chosen

ansatz

Performance of the Ansatz Functions
For qualifying the ansatzes (see table), we computed the

LSFs for each paper and each angle. Figure 9 shows the mean
RMSD (averaged over all angles) and their standard deviations.
For all papers, RMSD1 (Gaussian ansatz) shows the poorest per-
formance. The best results can be found for the ansatzes 3 and 4.
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Figure 9. Mean RMS difference for the three sample papers

For the following calculations, the ESFs were averaged over
all angles before perfoming the computations. In figure 10 we
juxtapose the reference ESF, the mean sample ESF of paper 2,
and the approximated ESFs E j. Here the ansatzes 3 and 4 clearly
perform best.
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Figure 10. Reference ESF, sample ESF and approximated ESFs

Improvements on Optical Dot Gain
For the following investigations we chose ansatz 3 that per-

forms well for all papers. In order to verify the measurements we
compared spectrophotometrically measured colors of printed AM
halftones (black ink, 80L/cm) with predictions calculated with
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and without ODG. For this purpose we designed a simplified first
principle model with an ODG module that is based on measured
PSFs. We do not expect to perfectly predict the color since the
model is based on many simplifications, but we want to show that
the accuracy improves if ODG is considered.

The measured samples were offset printed halftones of tonal
values φ = 20%, 40%, and 60%. Measurements of fulltones and
paper white served for calculation of the spectral transmission of
the ink τ(λ ). For each halftone, the area that is covered with ink
was measured with a digital microscope to get the geometrical
ink coverage φ . It is a precondition, that ODG does not influence
the measured geometrical ink coverage. Although it is not likely
that this is valid with the chosen measuring method, it is the best
method known for this application. Transmission of the ink and
geometrical ink coverage were inputs for simulating the color of
the measured patches. All spectral measurements were conducted
with 0◦/45◦ geometry.
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Figure 11. Three steps of color simulation of halftones

Our first principle model is designed according to figure 1
with some simplifications.

Mechanical Dot Gain: For simulating the color of the
halftones, we made the simplified assumption that the printed dots
are perfectly circular and evenly thick. The diameter of the dots
was calculated using geometrical ink coverage and halftone fre-
quency of the measured samples.

Optical Dot Gain: The ODG model is based on the traverse
of incident light through the printed substrate (surface effects are
not considered in our model). The steps are shown in figure 11:
First the light beam hits the ink layer in 0◦ angle, according to
the measuring geometry of the spectrophotometer. If there is a
dot, the light is partially absorbed in the ink, otherwise it passes
through without any change. This can be described by the trans-
mission matrix T0 whose elements t0,i j have the value τ0 for the
dots and are 1 otherwise.

Next, the light beam penetrates the paper. It is scattered, de-
scribed by the PSF, and partially absorbed by the paper, described
by its reflectance βP.

In the last step the light passes the ink layer again. We con-
sider only light that emerges in 45◦ angle so that it can be de-
tected by the spectrophotometer. This is modeled by the trans-
mission matrix T45 that considers the longer way through the ink
by a lower transmission factor τ45 for the dots. This way, the
overall transmission τ has to be divided into a transmission for 0◦

incidence τ0 and for 45◦ emission τ45 in a way that consideres the
different geometric lengths of the two paths.

For a constant illumination I0, the three steps can be de-

scribed with equations 7-9, as shown in figure 11 on the left.

I1 = {e1,i j = i0,i j · t0,i j}=

i0,11 · t0,11 i0,21 · t0,21 . . .
i0,12 · t0,12 i0,22 · t0,22

...
. . .

 (7)

I2 = βP · (i1 ⊗PSF) (8)

I3 = {i3,i j = i2,i j · t45,i j} (9)

For calculations without dot gain, equation 8 was reduced to:

I2 = βP · I1 (10)

The table below shows the results of the color calculations
as CIELAB values with D65/2◦ and the deviations from the mea-
sured colors as ∆E∗

ab. Obviously, the calculation of ODG accord-
ing to our measurements improves the predicted color. The only
exception is the 60% patch of paper 2 (LumiSilk). The reason
might be the uncertainty of measurement for the middle halftones.
Here, a slight change of diameter of the dot has the biggest effect
on the measured area coverage. Probably, the geometrical ink
coverage has been overestimated for the 60% patch and this way
the additional ODG does not improve the result.

Colorimetric results for measured halftone patches and simu-
lated colors with (+) and without (-) optical dot gain (ODG)

measured - ODG + ODG
L∗ a∗ b∗ ∆E∗

ab ∆E∗
ab

1: Lumi- 20% 78.9 0.2 -2.0 3.2 0.8
Art 40% 61.1 -0.4 -1.6 3.5 1.1

60% 40.9 -0.9 -0.9 4.4 1.0
2: Lumi- 20% 83.4 0.1 -1.2 2.3 0.6
Silk 40% 70.0 -0.3 -0.9 3.4 0.6

60% 54.1 -0.7 -0.6 1.4 2.6
3: Maxi- 20% 82.4 1.1 -3.9 3.0 1.1
Offset 40% 70.3 0.6 -2.6 4.5 1.4

60% 57.4 0.1 -1.3 1.9 1.7

The results are promising and show the usefulness of our
measurements of the light’s scattering properties for the investi-
gated papers. Obviously, paper 1 and paper 2 share very similar
scattering properties. Paper 3 has higher ODG. The ∆E∗

ab show
that there are still deviations from the measured CIELAB values.
This can be due to the various simplifications of our model and
the measuring setup that does not exclude surface effects.

The influence of diffuse and specular surface reflections was
quantified in a further investigation. We measured the ESFs of ref-
erence materials - a white ceramic tile and opal glass with a matt
and a glossy surface for each material. The measurements show
that the assumption of insignificant specular surface reflections is
not valid. Hence, we believe that the use of orthogonal polariza-
tion filters will enhance the results of future investigations.

Conclusions
Light scatter in paper plays an important role in designing

first principle printer models. The measurement of light scatter
and the resulting optical dot gain is a challenge. Nevertheless,
a better understanding of these physical effects enables us to de-
velop more accurate first principle models. We believe that such
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models may reduce the number of required test patches for accu-
rately predicting printed colors to an acceptable amount.

In this paper we present an enhanced measurement setup for
quantifying light scatter in paper. It is generally applicable to
detect local anisotropies of light scatter within paper. The major
advantages are:

1. The exact position of the edge of the dark zone is not needed
for deriving the PSF.

2. The sample holder allows for simple and accurate focusing.
Angular anisotropic scattering can be measured. Isolines of
the measured ESF, displayed in a polar diagram, can be used
for describing anisotropies.

3. Coated and uncoated papers can be distinguished by differ-
ent mean radii in the polar diagram.

Due to the small number of measurements, we cannot draw
conclusions on the global scatter properties of the examined pa-
pers. But it is very likely that the local anisotropies will smooth
in a global investigation. Nevertheless, there are still some factors
that might bias the measurement of light scatter. Since the mea-
surement setup consists of a 0◦/0◦ measurement geometry, specu-
lar and diffuse surface reflections can influence the measurement
results. First measurements show, that the influence of surface re-
flections can be reduced to a negligible amount when using two
orthogonal polarization filters.

We state that the RMSD between measured ESF and com-
puted ESF is a measure for the accuracy of the approximated LSF.
The results show that there is still some room for improvement
concerning the ansatz functions for the PSFs and LSFs. Finding
the optimal ansatz function shall be investigated in future.

A simple model was presented to calculate halftone colors
with and without optical dot gain from the approximated PSF for
a given AM dot pattern. We compared predicted with measured
colors of printed halftone patches on three sample papers. The
accuracy of predictions could be enhanced by incorporating op-
tical dot gain. We expect an improved prediction performance
by enhancing the measurement setup and evaluation algorithms.
Thus, optical dot gain could be estimated without printing any test
patches. The results can be assigned to FM patterns as well. It is
very likely that the calculated color differences will differ from
those presented here because FM patterns are more sensitive to
ODG.

In future investigations, different papers shall be measured
with the proposed polarization method. The results are to be ver-
ified with printed samples of different AM and FM grids and dif-
ferent printing techniques. Another aspect of the model will be
the ink thickness distribution (in contrast to the solid dot model
presented here) and its influence on the printed color as well as
multi-ink systems.
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