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Abstract. We introduce a modified Monte Carlo model of light scat-
tering in paper for better understanding of optical dot gain origin.
Using a realistic description of paper as a scattering medium and
assuming that light distribution in paper (generally any homoge-
neous or inhomogeneous substrate) depends on its optical proper-
ties, we tried to determine light distribution inside paper with known
optical properties. In our description, absorption and scattering co-
efficients of all paper constituents were taken as key functions inso-
far as they contribute in a real printing application. Due to the fact
that paper is a complex medium, it is necessary to involve, in calcu-
lations, its surface structure, which was modeled on the base of
microfacets. Depicted phenomena were observed and calculated in
transmission and reflection. Agreement of the statistical light scat-
tering model in a complex substrate with experimental data demon-
strates that the new method successfully describes the phenomena
of interest. © 2009 Society for Imaging Science and Technology.
[DOI: 10.2352/J.ImagingSci.Technol.2009.53.2.020201 ]

INTRODUCTION

The theory of radiation transmission describes the interac-
tion of radiation with the medium which scatters and ab-
sorbs the light. The solutions of radiation transport equa-
tions which were obtained during the previous century have
been applied to many problems from neutron diffusion, op-
tical tomography, spreading of infra-red and visible light in
the atmosphere, and to paper and prints. Initially, the ma-
jority of problems of radiation transport were untractable,
but with the improvement of mathematical tools and ap-
proximations, and as computers become not only available
but faster and more powerful, the solutions become more
effective and more specialized.

The first approximate solution was given by Schuster'
who simplified the problem by considering radiation in only
the forward and backward directions. Under this author’s
influence, Kubelka and Munk® developed their well-known
model.

The original Kubelka—Munk theory was developed for
spreading light in parallel colored layers infinitely extended
in the xy direction™ in order to avoid problems connected
with the boundary conditions. The basic assumption of
Kubelka—Munk theory is that the layer is uniform and the
light distribution within the layer is diffuse. From these as-
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sumptions the transport of light in the layer was simplified
so that two light flows through the layer were performed,
one expanding up and another going simultaneously down
along the vertical with respect to the layer. After 1930, when
the first paper appeared, Kubelka—Munk theory underwent a
series of changes and corrections. At the beginning of the
1940s, Saunderson’ introduced into the calculation the re-
flection on the boundary of nearby layers. A few years ago,
Emmel* and Hersch® introduced an elegant mathematical
formulation of Kubelka—Munk theory based on matrices. It
enables them to apply the Kubelka—Munk theory to images
printed in raster reproduction and to treat the optical dot
gain. Recently, Mourad’ extended the representation of
Kubelka—Munk theory into three dimensions. Such exten-
sion enabled the calculation of light scattering in the sub-
strate and the description of optical dot gain.

The physical phenomenon of optical dot gain or the
Yule—Nielsen® effect is basically the scattering of light within
the substrate (paper) on which some image is printed.
Shortly after Yule and Nielsen’s publication, Clapper and
Yule” expand their work by introducing the contribution of
multiple internal reflections between the upper and lower
boundaries of the substrate. Their supposition was that ink
layer was uniform and the light was completely scattered in
the substrate. Independently Arney'® and Hiibler'' suggest
in their works similar models based on the statistical de-
scription of light scattering.

The present work is focused on solving transient light
transport equations by means of the Monte Carlo method. It
is a powerful weapon not only for analyzing light transport
in turbid media, but also for media such as living tissue, etc.
Motivation for applying this simulation was to predict and
describe light transport through media such as paper and to
investigate its influence on optical dot gain. Based on the
work of Wang et al. in 1995, we developed a similar ap-
proach to light transport in paper, but optical properties and
paper structure require additional approximations and im-
provements to the initial approach.

In this work we will introduce Monte Carlo path tracing
which simulates multiple scattering processes in paper. This
method is a numerical technique for solving mathematical
problems based on random sampling from well-defined
probability distributions.'>'* As a universal numerical tech-
nique, the Monte Carlo method became fully active with the
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appearance of computers, and every new computer genera-
tion expands the fields of its implementation.

Accordingly one constructs a stochastic model in which
an expected variable value (or combination of multiple vari-
ables) is equivalent to the value of the required physical
quantity. The expected value is usually determined as a
mean value of multiple independent samples which reflect
the mentioned random variable. To construct a series of
independent samples one uses randomly generated numbers
which accompany the desired variable distribution. A com-
mon approach is to determine macroscopic characteristics of
processes in which large numbers of particles participate,
such as densities, flows, etc.; individual particle history
therein is simulated using random numbers, precise particle
interaction probability representation, and an accurate three-
dimensional model of problem geometry.

Monte Carlo method simulation of photon propagation
offers a flexible yet rigorous approach to photon transfer in
a medium such as paper. The method describes local photon
propagation rules which are expressed as a probability dis-
tribution which, in turn, determines photon step size (mean
free path) between two interaction (photon—substrate)
points along with the deflecting (scattering) angles from the
direction prior to interaction. Due to the fact that this
method is statistical and it relies on the calculation of nu-
merous photon paths, it consumes a lot of computer time.

It is essential to emphasize that our simulation does not
take into account the wave nature of the light, thereby ignor-
ing wavelength, phase, and polarization. In an exceptionally
complex medium as paper, photons suffer multiple scatter-
ing events that cause very fast randomization of the phase
and polarization which, therefore, do not affect the energy
transport significantly.

In the following sections we shall describe the problem
we are trying to solve, display how to trace photons in paper,
and present comparison between our computational results
and measurements. We assume, following light behavior
characteristics: linearity, energy conservation, no polariza-
tion, no fluorescence, or phosphorescence. Moreover, we as-
sume a steady-state of the system, which means that light
distribution is constant in time and is reached instanta-
neously in real systems.

THEORY

The present method describes the local rules of photon
propagation which are expressed, in the simplest case, as the
probability distribution of the length of photon free path
between two events (interactions with the paper compo-
nents) and of the scattering angles of the photon.

Paper, as the substrate, is a stochastic three-dimensional
structure which consists mainly of fibers, mutually con-
nected by hydrogen bonds on the molecular level, and of the
substances which are used as fillers on a macroscopic level.
The characteristics of fibers depend on the kind of wood
they originate from and the mechanical and chemical treat-
ment during paper production. In the sheet of paper, the
individual scattering agents—the fibers and the added
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particles—are close to one another so that multiple scatter-
ing becomes important.

In scattering theory, one starts with the one-fold scat-
tering in which ensembles with sufficiently small particle
numbers are studied. Their mutual distance is large enough
so that each particle can represent the individual sample
without the influence of the neighboring particles. The
qualitative criterion for one-fold scattering is that each par-
ticle of the ensemble is influenced by the same input electric
field with negligible influence from the scattered field owing
to other particles in the ensemble. The scattering (absorp-
tion) ensemble treatment is such that the scattering (absorp-

tion) characteristics (K) of the ensemble are simply the lin-
ear sum of contributions of particular scattering agents'

K=ak + - +a,k,, (1)

where the coefficient g; is the statistical weight and k; is the
scattering (absorption) coefficient of ith paper constituent.

Paper is a medium difficult for description because of
significant differences in optical characteristics of its compo-
nents. Approximation of the average scattering function of a
particular scattering agent is necessary for applied radiation
transfer models and is obtained by means of the old-
fashioned Kubelka—Munk theory in its original form. How-
ever, this model has recently been noticeably improved by
introducing the intensity anisotropy of the propagating dif-
fuse radiation.'®

The interaction of light with a substance as paper is a
complex physical process. Kubelka—Munk theory is a phe-
nomenological one and does not give any information about
the actual light scattering in paper. The physical explanation
begins with the scattering and absorption of light (photons)
on particular particles such as fibers or fillers. Our method is
based on macroscopic optical properties of paper compo-
nents, where we assume that they are uniformly distributed
within paper volume. Mean free photon path between inter-
action positions is within the 10-100 um interval which
satisfies conditions of geometrical optics.

Our approach is based on the work of Phral et al.,"”
where we take into account coating and substrate as two
different well-defined layers. We use photon packet instead
of a single photon and neglect its phase and polarization.

The optical properties of paper are mainly characterized
by three parameters denoted o,, o,, and g Interaction of
photons with substrate constituent can be defined with ab-
sorption and scattering of photons described by the absorp-
tion cross-section, o,, and the scattering coefficients, o, re-
spectively. So the probability per unit path length of a
photon being absorbed or scattered can be summarized to
the total interaction coefficient, o,=0,+ 0, which can be
recognized as the Beer—Lambert law. The scattering asym-
metry factor, g (also referred to as the anisotropy factor), is
defined as the mean value of the cosine of the photon scat-
tering angle. The light scattering properties are mainly influ-
enced by the morphological structure of the paper.

In order to simulate the light transport in a substrate in
the Monte Carlo approach, photon packets are sent on a
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Figure 1. Three possible random walks (absorption, reflection, and trans-
mission as end results of random walk) of a photon in a substrate sample
with the optical properties described by o, o, and g, where d is sub-
strafe thickness, s is photon packet sfep size, and @ is scattering angle.

random walk through a virtual paper sample in the com-
puter. The technique is based on probability distributions
which describe the main parameters of the photon packet
walk which are the free photon packet path between two
events (scattering and/or absorption) or photon packet step
size, s, and scattering angles, ¢ and 6, by means of generat-
ing random numbers. Photon packet history (its motion) is
recorded until the packet abandons the medium or is ab-
sorbed in interaction with the medium (Figure 1). Packets
can leave the medium either on the bottom (light transmis-
sion) or upper surface (subsurface light transport). When a
large amount of photon packets are used, good statistical
results of the light distribution in the paper can be obtained.

Photon packet step size s is inversely proportional to
extinction coefficient or overall attenuation,'” o,=0,+ 0,
and take values within the interval s € [0,%0).

According to the definition of the interaction coefficient
0, interaction probability in interval (s;,s,+ds;) is o.ds;. It
means that light intensity I which has not interacted with
medium constituents (paper, filler, coating, etc.) decreases in
ds, interval according to the Lambert—Beer law

di(s,)
ds,

=—0al(s). )

Variable step size can be determined by means of a probabil-
ity density function and well known mapping techniques'*'”
where step size is given by means of a random number,

lel0,1],
In(1-¢)

Oy

(3)

s=

In every interaction point a new direction of the photon
packet is obtained. With a new random number ¢, the azi-
muthal angle ¢ €[0,2] is calculated by

d=2mL. (4)

The deflection angle 6 is a function of the anisotropy coef-
ficient or simply anisotropy, g. The radiation angle distribu-
tion can be described by the so-called Henyey—Greenstein'®
phase function what was experimentally proved by Jacques

J. Imaging Sci. Technol.

020201-3

et al."” in various tissues. This probability distribution is
expressed as

( : 1 1-¢
cos 0,9) = —- R
P e \[1 + g% — 2g cos 6

where the anisotropy coefficient g is in the range between —1
and 1. Anisotropy coefficient g=0 represents the case of iso-
tropic scattering while complete back and forward scatter-
ings are represented by g=—1 and 1, respectively. Although
paper is not so structurally defined in layers as are tissue
samples, we believe that description with the aid of this
phase function is valid for our problem.

The deflection angle,” 6, can then be determined by
using a new random value { € (0,1)

1 1- :
1+g2—<—g2> for g # 0,

cos 0= 2¢ 1-g+2¢¢
201 for g=0.

(5)

(6)

Furthermore, we assign an initial weight W to the photon
package when it enters the medium. This weight is reduced
each time part of the photon packet is absorbed by interac-
tion with the medium. The fraction AW (attenuation), sub-
tracted from the initial weight simulating absorption, is
given by

AW =aWw, (7)

where a is the albedo a=o,/(0,+ 0,).

Initial statistical photon packet weight decreases from
an initial value of unity during packet propagation through
paper and becomes equal to a” after n steps (events), but it
never reaches the limiting value W=0. Packets with very
small weight are of no physical significance although they
continue to propagate within the medium, consuming a
great deal of computer time. Because of that, in our simula-
tion a so-called roulette routine is used which terminates the
photon packet walk when its weight falls below a particular
threshold value and the packet is assumed to be completely
absorbed. The process is repeated until the packet leaves the
medium or is totally absorbed. After that, a new set of num-
bers is generated which determines the path and the direc-
tion of the new packet.

Our program takes care of the processes occurring
when a photon packet hits a boundary between two layers
(base and coating) with different optical properties, using
Snell’s law and Fresnel’s formulas.

All numerical simulations presented in this article were
done using MathSoft mathematical package MATHCAD 12.

Substrate Modeling

The applied simulation required the most realistic represen-
tation possible of paper. Therefore it was necessary to deter-
mine real parameters of the medium (paper). In order to get
the most relevant data we analyzed the paper cross-section®'
shown in Figure 2. It is an image of a coated paper cross-
section obtained with a scanning electron microscope
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Figure 2. (a) Cross-section of the coated paper with various compo-
nents: K=chemical pulp, M~mechanical pulp, Z=air (in the original it is the
epoxide resin which is used in the production of the microtome cross-
sections), and C—coating. The |i%hier edges in the mechanical and chemi-
cal pulp show the binding films.”" (b) Gray level histogram of the image.

(SEM), which has presumed homogeneous coating, uniform
depth, and base consisting of two types of fibers (mechanical
and chemical pulp) and fillers (gypum, etc.), binders, air, etc.
Such an abundance of components is clearly seen from the
histogram [Fig. 2(b)] obtained by image analysis with
MATHCAD 12 Image Processing Extension Pack. The assign-
ment of paper components represented by corresponding
gray level numbers was presented in the Ph.D. dissertation of
G. Chinga.* In Fig. 2(a), large black regions on the top and
bottom of the image are visible which represent air that
surrounds the sample, while the white square on the bottom
represents a measure bar that equals 50 um. On the top and
bottom of the sample we distinguish a coating layer with
irregular geometric structure towards the paper base repre-
sented by light tones. In the histogram [Fig. 2(b)] prominent
features are in the dark region (around level 25) and light
region (around level 255) originating from the surrounding
air and coating layer, respectively. Other features in the his-
togram represent in detail the composition of paper, such as
the mechanical and chemical pulp, coating, air, binding films
on the edges of pulp fibers, fillers, whiteners, etc.

In order to get improved information about the com-
position of paper, as well as the percentage representation of
a particular component, we had to focus our image analysis
on the paper base located in central region of the cross-
section (Figure 3).

Grayscale examination of Fig. 3(a), in accordance with
gray level assignments in Chinga’s work®' gives us an argu-
ment to focus our attention on the main five levels which
represent chemical and mechanical pulp, coating, fillers, and
air. Careful examination of the mechanical pulp image
shows a distinct membrane and, therefore, two gray levels
are describing the mechanical pulp. In the analysis of the
cross-section image, we applied built-in numerical routines
from MATHCAD 12 Image Processing Extension Pack that al-
low changes in the number of gray levels in an image, and
produce an image with n levels (gray scale quantization). In
such an approach, choice of the appropriate number of lev-
els can be used for enhancement of the contrast and details
of features in an image [Fig. 3(a)]. In our image analysis we
generate segmentation by means of visual estimation and
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Figure 3. (a) The processed image of four prominent paper base con-
stituents represented with different gray levels; (b) gray level hisfogram of
the image showing percentages of consfituents (Z—air, K—chemical pulp;
M-mechanical pulp, and Ffiller).

determination of associated mean gray level value. The result
of analysis is given by the histogram [Fig. 3(b)], where rela-
tive intensities in the histogram correspond to percentage
component abundance.

In our simulation, photon packet virtual walk through
substrate is defined by scattering and/or absorption on all
components and is governed by their abundance. Accord-
ingly, corresponding to the constituent percentage in
Fig. 3(b), the random number interval [0, 1] was divided
into four intervals, each belonging to a specific constituent:
air (0-0.22), chemical pulp (0.22-0.542), mechanical pulp
(0.542-0.812), filler (0.812—1). In each new step of photon
packet walk the generated random number falls into one of
these intervals and determines the specific interaction be-
tween photon and paper constituent. In this way the inter-
action of a large number of photon packets with the paper is
kept proportional to the statistical distribution of compo-
nents. It is necessary to emphasize that for each photon step,
parameters s, ¢, and 6 were also defined by the generation of
related random numbers £ €[0,1].

In Figure 4 two photon packet trajectories are presented
which show multiple scattering events (small circles on the
graph); while absorption is implied since it cannot be pre-
sented graphically. Of course, most of trajectories are not so
complex because the packet can leave the substrate after just
a few scattering and absorption events. This is clearly dem-
onstrated in Figure 5 where every dot represents one re-
flected photon packet with the associated weight (relative
intensity) in the moment of egress (z-axis) and outgoing
position on medium surface (xy-plane). A bell shaped dis-
tribution indicates some waste of photon packets, which exit
very close to the entrance point with only a slight change in
intensity (weight). It can also be seen from Fig. 5 that the
intensity distributions of the scattered photon packets for
coated and uncoated papers differ in size and dot number,
which indicates their different optical properties.

Fig. 5 presents calculated distribution of the scattered
photon package intensity as a function of photon packet exit
location, where the incident photon beam is perpendicular
to paper surface. Each photon packet has 100 photons, what
allows us to specify a threshold value of 1%. There is a
difference in photon packet intensity distribution for coated
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--—=---photon packet trajectory

Figure 4. The photon packet trajectory for transmission (a) and reflection
(b). Photon packet enters the substrate at point (0,0,0) indicated with
black arrows. The arbitrary, relative thickness of the substrate is equal to

unity.
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Figure 5. Intensity distribution of the scattered photon packets on incident
surface as a function of distance from the entrance location (0,0,0), for
uncoated (a) and coated papers (b). Simulation was made for verfical
beam incident from above, with 9 X 10° photon packets each containing
100 photons. For the sake of clarity, only a fraction of the dofs is
presented.
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Figure 6&. lllustration of microfocet concept of paper surface. The
microfacet spatial orientation is defined with two angles, ¢ and 9.

and uncoated paper [Figs. 5(a) and 5(b)] as a consequence
of the additional coating layer. The coating has a higher
refractive index than paper base components. Therefore, sig-
nificant numbers of photon packets are reflected on the
coating-paper base contact surface which results in broader
distribution apex compared to uncoated paper.

Substrate Surface Modeling

Structure of the paper surface demands improvement in the
model for more realistic description of the surface itself.
Media surface influence has already been investigated and
several models (Cook-Torrance, Ward, or Lafortune model)
exist. They differ only in determination of the microfacets’
tilt distribution. Those rather complicated approaches origi-
nated from modeling light scattering in media different from
paper such as leather, marble, metal surfaces, etc. In the first
approximation we assumed that paper surface is ideally flat
and spreads infinitely in the xy-plane. Assumption of infi-
nitely extended paper is satisfactory when the thickness of
paper is much smaller than surface dimension. Ideal flatness
of paper was also a satisfactory approximation for the first
estimation of light scattering. Specular reflection calculation
from paper surface did not achieve acceptable values, how-
ever, owing to the fact that such an approach generates too
many photon packets that penetrate the substrate. In order
to obtain more realistic values we modeled the paper surface
as an area of spatially random oriented microfacets.

Figure 6 illustrates a more realistic description of paper
surface. In our simulation, photon packets fall randomly on
the paper surface while a large number of packets (10° pack-
ets) ensures homogeneous covering of the area of interest.
Each photon packet falls on one microfacet whose spatial
orientation is related to the ideal paper surface in random
fashion. The microfacet spatial orientation is defined with
two angles ¢ € [0,27] and ¥ € [0, I,]. The boundary angle
U, defines paper roughness.

Figure 7 demonstrates that in reality boundary angle 9,
value should not exceed 40°. Of course, for glossy papers, the
reasonable value is only a few degrees.

RESULTS AND DISCUSSION

All our simulations were carried out for paper containing
constituents as described above in Fig. 2. The geometry was
such that the one-dimensional photon beam fell vertically to
the lower paper surface. Under such conditions there were
no specular reflections.
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Figure 7. Paper surface modeling with microfacets. Parameter 9 defines
paper surface roughness (9 e [0, 9,]).

Measurements and Data Verification

Our theoretical model was verified by comparison of mea-
sured line profiles for various line samples on a test form.
The test form was produced on a previously calibrated In-
digo Turbo Stream 1000+ digital electrophotographic ma-
chine. Analysis of prints was performed with a handheld
image analyzer, PIAS™ introduced by QEA in 2001. These
measurements lead to the conclusions that the main source
of dot gain is mechanical in nature, and that optical dot gain
is small but not negligible.

In our simulation of a printed line square, a photon
beam (3 mm width) without a middle region band (1 mm
width) was used. The beam consists of 2 X 10° photon pack-
ets randomly distributed over the area. The band in the
middle without photons represents a nontransparent printed
line. Figure 8 presents a comparison of simulated and
printed lines. For required analysis printed line was recorded
with the PIAS apparatus. The measured line was always
thicker than specified (it varies from 4% for a 1 mm line up
to 40% for 0.1 mm line) which is typical for several reasons
of technical origin: a lateral charge drift in electrophotogra-
phy; somewhat difficult ink flow in ink jet printers; and
positive errors in printer drivers for insurance of full ink
coverage of desired areas which is intentional. In our mea-
surement conditions (printing technique, paper—ink combi-
nation, and test forms) analysis of printed lines using the
PIAS instrument indicate that relative line broadening,
which is a consequence of mechanical dot gain caused by ink
penetration into the substrate, is constant.

Our results were calculated with typical parameters and
components which represent common composition of paper
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Figure 8. Comparison of theorefical simulation with measurement.
(a) Theoretical line simulation, where each dot represents a photon
packet exit point. Simulation was performed for 2 X 10° photon packets.
(b) Printed line (1 mm) on coated structured paper. Black and white bor-
dered square represents measuring area of PIAS apparatus (region of
interest).

in order to satisfy physical reality and to be simple enough
not to consume excessive computer time. All parameters re-
quired for calculation are presented in Table I. We applied
our model on two types of papers—matte and embossed. In
our calculation this was done by applying different angle
values, ,,,,,=10° and I, ,,,,=35° (paper roughness), as
parameter values in an algorithm responsible for paper sur-
face structure simulation. Choice of these angles for a fitting
parameter was governed by comparison of calculated and
measured line reflectance profiles. To introduce the influence
of physical dot gain we calculate every reflectance profile for
actual line width (measured by PIAS) instead of for nominal
line width.

Table 1. Paper constituents with their asymmeiry factor g, sculterinﬁq coefficient o
absorption coefficient o, and corresponding constituent percentage.®

ogseattering  or,—~absorption

g-usymmetry coefficient coefficient Representation
factor (m2/kg) (m’/kg)  percentage (%)
Filler 0.01 55 0.2 12.9
Mechanical 5 ¢ 2 03 246
pulp
Chemical 4 g5 55 05 24
pulp
Coating 0.02 300 0.02 18.1
air 0 0 0 18.0
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Figure 9. Comparison of calculated and measured reflectance profiles
for printed lines of nominal width d=1 mm. Profiles were calculated with
real (measured) width—d,, for embossed and matte paper. Parameter 9
indicates paper surface roughness.

Light is scattered at interfaces between fibers because
the actual fiber walls are essentially transparent. The light
scattering coefficient is a measure of interfiber bonding. For
the coating we use refractive index n=1.65 (barium sulfate
or calcium carbonate) and n=1.55 (kaolin coating). The
refractive index of cellulose fibers is about 1.55, while the
corresponding value for typical filler particles is 1.5-2.7, de-
pending on the type of additives used.” The scattering co-
efficient o, is large™** and light is highly scattered in paper,
while the absorption coefficient of paper is very small.*
Moreover, the anisotropy factor g of dry paper is typically
about 0.8-0.9, which means that paper is predominantly for-
ward scattering material.”’

In our calculation, a printed raster element area is as-
sumed to be an absorbing element at which the photon
packet path terminates. In a forthcoming study we plan to
investigate the influence of printed raster element edges on
the reflectance profile.

Comparison of calculated and measured line reflectance
profiles is shown in Figure 9. There is a better agreement for
wider lines whose ratio of line width and dye penetration
depth is larger. For finer lines, agreement is fairly good. This
conclusion is valid only for printed lines; for lines realized as
a space between solid patches (see Figure 10) disagreement is
larger for narrower lines (up to 50%), which indicates that
the three-dimensional profile of the printed area (dye depo-
sition or diffusion in substrate) is significant and will be
investigated in the future. A possible explanation is that dye
diffusion in the substrate generates an additional subsurface
line boundary which is observed as decreased line width or
increased photon packet absorption in that region. Notice-
able oscillations observed in the wings of all modeled pro-
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Figure 10. Comparison of calculated and measured line profiles for lines
of nominal width d,.,,=1 and O.1 mm. Profiles were calculated with real
(measured) widths—d,,. Lines were realized as a space between two
solid patches printed on embossed paper.

files in areas of maximum reflectance are the consequence of
stochastic noise which is determined by the number of inci-
dent photon packets (a larger number will generate less
oscillation).

CONCLUSIONS

A collective effect called the optical dot gain®® is affected by
scattering and absorption coefficients, type and thickness of
coating, substrate, surface structure, ink (physical properties
and interaction with substrate), etc. The well-known
Kubelka—Munk approach to radiation transfer theory is
characterized by bulk scattering and absorption coefficients,
but it does not resolve the influence of optical characteristics
of paper components on reflectance.

In this article we presented the method for numerical
light subsurface scattering simulation based on realistic pa-
per physical characteristics. Validity of the approach was
demonstrated by comparison of reflectance profiles of mea-
sured and modeled printed raster elements. In consideration
of the vast number of photons involved in a real situation
(order of magnitude is 10% photons), it was necessary to
apply the stochastic approach of the Monte Carlo method.
This approach provides plausible results with a large number
of trials (in our calculation we deal with 10° photons). Each
photon can suffer several scatterings and one or none ab-
sorptions. Every event (scattering and/or absorption) is de-
scribed by nine parameters, which significantly increases cal-
culation time and forces us to pay attention to optimization
of computer time consumption.

For the printed element where the ratio between line
width and penetration depth is large, the model shows good
agreement between measured and calculated reflectance pro-
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files. Some discrepancy discovered in the case of narrower
lines can be attributed to the uncertainty of the line border.
Ideally sharp printed lines do not exist due to diffusion of
ink in substrate, ink surface tension, changes of ink surface
during its desiccation, various technological processes, etc.
Realistic line characteristics will be investigated in our future
work with special attention to the influence of the raster
element border as well as the three-dimensional structure of
raster element itself.

In the available literature there is no data for wavelength
dependence scattering, absorption coefficients, and asymme-
try factors of paper constituents. Therefore, our model is
independent of incident light wavelength. Measured wave-
length dependence of bulk scattering and absorption coeffi-
cients offers no information on behavior of particular con-
stituent coefficients. Nevertheless, introducing wavelength
dependence in our model is straightforward and merely
awaits proper empirical data.

This model offers the possibility of “experimenting”
with various components of paper to obtain desired optical
properties without fabricating the real paper itself. This en-
ables verification of certain ideas without time-consuming
and expensive paper sample production. Within this ap-
proach we can even study optical properties of recycled pa-
per containing residual ink particles and treated components
of precursor papers.

Moreover we found that absorption of the paper is
much more significant than was previously assumed because
of multiple scatterings that cause the attenuation of the pho-
ton packet (decrease of weighting). Absorption™ of the light
which penetrates the substrate is, in our calculation, about
30%.

In our calculation influence of scattering asymmetry is
negligible because the photon packet, after multiple subsur-
face scattering, “forgets” information about its initial direc-
tion. Randomization of exit photon packet direction in our
model is a consequence of random distribution of the cellu-
lose fibers’ orientation. In the real situation the cellulose
fiber network (paper skeleton) is not entirely randomly ori-
ented, and that will be the subject of future investigations.
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