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Abstract

We present a novel genetic algorithm-based approach for the compact representation of heterogeneous, optically thick, translu-
cent materials. Utilizing genetic optimization, we also find the best transformation to represent measured subsurface scattering
data. We employ a factored subsurface scattering representation, based on a singular value decomposition (SVD), separately
applying the SVD per-color channel of the transformed profiles. In order to achieve a compact, accurate representation, we
perform this iteratively on the model errors. By allowing the number of iterations to be customized, our representation pro-
vides a mechanism to trade the visual quality possible against the level of compression achieved through our representation.
We validate our approach by analyzing a range of real-world translucent materials, geometries and lighting conditions. For
heterogeneous translucent materials, we further demonstrate that for the same level of compression, our method achieves
greater visual accuracy than alternative techniques. Finally, we present an application of our factored representation, which
can be used to convert heterogeneous materials into homogeneous material representations.

Keywords Subsurface scattering model - Genetic algorithm - Factorization - BSSRDF representation - Global illumination -

Rendering

1 Introduction

Translucent materials such as wax, marble and human skin
allow light to partially penetrate the surface and scatter light
in a more complex fashion than opaque materials. Light scat-
tering occurs at various layers within the material, allowing
some of this internal material to be seen. In computer graph-
ics, this behavior is encoded using the general bidirectional
surface scattering distribution function (BSSRDF), a gener-
alization of the bidirectional reflectance distribution function
(BRDF) introduced by Nicodemus et al. [34].

Due to the complexity of translucent materials, represent-
ing these is commonly simplified by assuming that the optical
properties of the material are constant (homogeneous). In
this case, light scattering can be approximated by a diffu-
sion equation and a term for single scattering [9]. Therefore,
many successful homogeneous subsurface scattering models
use this approximation [6,10,17,18,21]. In practice, this is
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a serious limitation, as many translucent objects typically
encountered are heterogeneous, i.e., their optical proper-
ties vary spatially [1,33,42]. Although there are a number
of data-driven representations [36,41,42] for measured het-
erogeneous subsurface scattering data, efficient compression
algorithms remain a challenge for representing them both
compactly and accurately.

Factorization techniques have been used for some mate-
rial appearance models [2,27], bidirectional texture functions
(BTFs) [46,47], subsurface scattering (SSS) effects of homo-
geneous [21] and heterogeneous translucent materials [25,
36,42]. While our novel subsurface scattering representation
is also based on a factorization technique, we demonstrate,
through a detailed analysis, that employing an SVD-based
representation with genetic optimization [31] allows a notice-
able boost to the visual accuracy of heterogeneous real-
world materials for similar compression levels to alternative
approaches.

We use a genetic algorithm (GA) [31] to optimize our
transformation, evolving to the fittest solution giving the
most accurate fit to measured subsurface scattering data. The
applied transformation acts like a filtering technique, smooth-
ing out high frequencies in the subsurface scattering profiles,
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which in turn demonstrably improves accuracy of the factor-
ization.
The novel contributions of this paper are:

— A compact representation of heterogeneous optically
thick translucent materials.

— A novel pre-processing technique for optimizing the
transformations of profiles of measured subsurface scat-
tering responses.

— A tunable method to trade visual complexity against com-
pression level.

— A detailed validation of our method.

Our algorithm works by first evolving the best transfor-
mation on the profiles of measured subsurface scattering
responses. After this, we separately factorize each color
channel of these transformed profiles using a rank-1 approx-
imation of the SVD-based factorization [35]. To achieve a
compact and accurate representation, we iteratively apply the
rank-1 approximation of the SVD to the model errors. The
compactness of the rank-1 approximation also allows our
GA to handle a large population in parallel. The number of
iterations used is tunable. Our method achieves a subsurface
scattering representation that is both optimal and the visual
quality trade-off against compression level controllable (see
Fig. 1).

A physically plausible BSSRDF representation should
have nonnegativity, Helmholtz reciprocity and energy con-
servation properties [34]. A limitation of our method is that
our visually plausible subsurface scattering model satisfies
the nonnegativity property, the Helmholtz reciprocity, but not
necessarily energy conservation.

2 Related work

Our method builds upon factorization-based representations,
GAs and BSSRDF representations; therefore, we discuss
each of these below.
Factorization-based representations These have been fre-
quently used for representing BRDFs [2,23,27,29,43], spa-
tially varying BRDFs [26], BTFs [38,39,46,47], homoge-
neous subsurface scattering [21] and heterogeneous sub-
surface scattering [25,36,42]. We refer the reader to the
tutorial by Pajarola et al.’s [35] for a survey of these tech-
niques. Specifically, tensor approximation (TA) [24,35] is an
established factorization method that has been used in vol-
ume simulations [44,47], BTFs [38,39,46,47], BRDFs [2,43],
importance sampling of BRDFs [2] and heterogeneous sub-
surface scattering [25].

Nonnegative matrix factorization (NMF) is also used for
representation and importance sampling of BRDFs [27]
and representation of heterogeneous subsurface scattering
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Fig. 1 Framework of our subsurface scattering representation with
genetic optimization

[36,42]. Inspired by these works, we instead employ an SVD-
based factorization in combination with genetic optimization
to represent measured subsurface scattering profiles. We
argue that this representation gives higher visual quality for
equivalent compression levels to other approaches.
Genetic algorithms GAs have been used extensively in
optimization problems, but are less frequently applied to
problems in computer graphics. The most related excep-
tion is in inverse rendering to estimate the parameters of
Jensen et al.’s [18] homogeneous BSSRDF model [28,32].
This type of application makes genetic optimization very
time-consuming, as the fitness function is computed between
reference and rendered images for each candidate chro-
mosome. Genetic programming (GP) together with genetic
algorithms has also been used to investigate new analytic
BRDF models from measured BRDF data [4]. Recently,
Guarnera et al. [14] used genetic algorithms to remap the
parameters of source and target analytical BRDF models. In
Guarnera et al.’s [14] work, the fitness function is computed
between rendered images of source and target BRDF mod-
els. In contrast to prior work, we apply genetic optimization
in the accurate and compact representation of measured sub-
surface scattering data. Our GA is used to find the fittest
transformation to profiles of measured subsurface scattering
profiles. When compared to inverse-rendering-based tech-
niques [14,28,32], our GA is computationally efficient, as
our fitness function is computed between measured and fac-
tored data for each candidate chromosome.
BSSRDF representations A seminal paper by Jensen et
al. [18] introduced the diffusion dipole approximation for
homogeneous subsurface scattering in computer graphics.
Subsequently, several approaches [6-8,10,16,19-21,30,48,
49] have extended and optimized this for translucent materi-
als and/or for real-time rendering of translucent objects.
For example, Donner and Jensen [8] extended the dif-
fusion dipole approximation to the diffusion multipole
approximation by including additional light sources into the
BSSRDF computation. Mertens et al. [30] implemented the
diffusion dipole approximation in screen-space to render
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homogeneous translucent materials in real time. d’Eon et
al. [7] extended the diffusion multipole approximation [8]
by approximating it with a sum of Gaussians, and used these
to blur the irradiance signal in texture space. Since Gaus-
sians allow transformation of the expensive 2D convolutions
into a cheaper set of 1D convolutions, this technique can
be used in real-time rendering simulations. Xu et al. [48]
extended pre-computed radiance transfer (PRT) techniques
to Jensen et al.’s BSSRDF model for real-time rendering
homogeneous translucent materials under fixed environ-
ment lighting and real-time editing material parameters.
Jensen et al.’s BSSRDF representation was extended by
Jimenez et al. [19] to represent human skin in real time.
Jimenez et al.’s BSSRDF representation is based on blur-
ring the diffuse BSSRDF of the translucent object, as a
post-processing step, by employing a sum-of-Gaussians for-
mulation. Since Jensen et al.’s BSSRDF model can only be
used to represent isotropic homogeneous translucent mate-
rials, Jakob et al. [16] extended it to a new anisotropic
dipole approximation model for representing anisotropic
homogeneous media. d’Eon and Irving’s [6] quantized dif-
fusion approximation model is another extension of Jensen
et al.’s diffusion dipole approximation model and mainly
based on convolving irradiance with a sum-of-Gaussians
BSSRDF approximation. This representation also uses a
quantization of the Green’s function of the diffusion equa-
tion to obtain more realistic all-frequency results. Yan et
al. [49] extended the quantized diffusion approximation
model [6] for accurate rendering of homogeneous translu-
cent materials under spherical Gaussian (SG) lights. Unlike
previous representations [6,18], the proposed technique can
produce elliptical reflectance profiles, as it considers oblique
lighting angles. Frisvad et al. [10] extended the diffusion
dipole approximation by taking the direction of incom-
ing light into account. Frisvad et al.’s analytical directional
dipole model is especially suited for highly forward scat-
tering materials, where the directionality of the incident
illumination is more important. Jimenez et al. [21] used a
rank-1 approximation of homogeneous subsurface scatter-
ing profiles by using the SVD technique in screen-space.
Their subsurface scattering representation assumes that the
irradiance is additively separable in order to render homo-
geneous translucent materials at real time. However, none
of these representations have been designed to represent
heterogeneous translucent materials accurately and com-
pactly.

Fuchs et al. [11] used a linear combination of exponen-
tial fall-off functions to represent heterogeneous translucent
materials, which were measured with a DISCO laser-based
acquisition system [12]. For quasi-homogeneous translu-
cent materials, i.e., those with uniformly distributed het-
erogeneous structures, Tong et al. [45] proposed a quasi-
homogeneous representation. Peers et al. [36] employed a

combination of k-means clustering and NMF-based algo-
rithms to represent measured heterogeneous subsurface scat-
tering data. First, Peers et al. represented the homogeneous
part of a heterogeneous translucent material using k-means
clustering. Next, they factorized the heterogeneous part after
division by a homogeneous approximation of the heteroge-
neous translucent material using an NMF-based algorithm.
Song et al.’s [41] SubEdit representation allows interactive
editing and rendering of heterogeneous translucent mate-
rials, trading-off efficiency in compactness and accuracy.
The SubEdit representation uses the logarithm of measured
BSSRDF data and decomposes the logarithmically trans-
formed BSSRDF into a set of 1D scattering profiles defined
at each point. This decoupling enables editing operations
while maintaining the heterogeneity present in the measured
data [41]. Chen et al. [5] implemented Song et al.’s SubE-
dit representation in screen-space for real-time rendering of
deformable, heterogeneous translucent objects. Kurt et al.
[25] used the Tucker factorization technique [2] with a linear
regression to represent measured heterogeneous subsurface
scattering data. In Kurt et al.’s work, the Tucker factoriza-
tion was used to represent intensity of measured subsurface
scattering responses. Then, to capture color values, linear
regression was separately applied to each color channel. Kurt
etal.’s [25] representation gives rise to results similar to Peers
et al.’s [36] with respect to model accuracy and results sim-
ilar to ours in terms of compression. More recently, Sone et
al. [40] and Nakamoto and Koike [33] proposed a parameter
estimation method, using existing homogeneous BSSRDF
models [6,10,18] for rendering heterogeneous translucent
materials. This method estimates optical properties of homo-
geneous volumes by taking the average of coefficients of
analytical BSSRDF models around the incident and exi-
tant points. These average coefficients allow representation
of heterogeneous translucent materials efficiently by using
homogeneous BSSRDF models.

In contrast to the above methods, our approach uses a
genetic optimization to discover the fittest transformation to
the measured subsurface scattering responses. Unlike prior
work, our GA combined with the SVD-based technique pro-
vides a new approach for representing measured subsurface
scattering data of translucent materials.

3 Overview

The general behavior of translucent materials described by
the BSSRDF [34] S(xi, @i: X0, @ o) relates an outgoing
radiance L, (x,, Tz))o) atalocation x,, in an outgoing direction
@ 4, to an incoming radiance L;(x;, « ;) at a location x; in
an incoming direction @ ; as follows:
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A is the area around the location x,,, Q27 is the hemisphere
around the location x;, and 7 is the surface normal at the
location x;. Equation (1) can be seen as an extended version
of the rendering equation [18,22], and it can be separated
into two components: a local component L;(x,, 70)0) and a
global component Lg(x,, T()),,). While the local component
represents light immediately reflected from a surface, the
global component accounts for the light scattering within the
material volume. As in Goesele et al. [12], Peers et al. [36]
and Songetal. [41], we represent the global component by the
diffuse BSSRDF S, (x;, Tu),-; X0, ?30) which can be further
decomposed approximately [8,18]:

— — —
Sa(xi, @3 X0, &) = ;Fi(xi, &) Rq(xi, x0)

Fo(xo, B o), 2

Ri(x;, x,) is a four-dimensional (4D) spatial subsurface
scattering component, F,(x,, To)o) and F; (x;, Z)>i) are direc-
tionally dependent components. In contrast to previous works
[12,25,36,41], we apply genetic optimization together with
SVD for accurate, compact and efficient representation of
the 4D spatial component R;(x;, x,) of translucent materi-
als. Similarly, we ignore the local component L;(x,, Z))(,)
and the directional dependent components F, (x,, Z)),,) and
F;(xi, & ;) by assuming light incoming from the surface nor-
mal.

4 Our subsurface scattering representation

In this section, we describe the key steps in our framework for
deriving our measured subsurface scattering representation
(see Fig. 1), together with our genetic algorithm. Through the
use of our GA, we discover transformations that give rise to
the fittest representation. Finally, we analyze factorization-
based representations, and the impact of the most important
parameters of our factored subsurface scattering representa-
tion.

4.1 Our genetic algorithm

Genetic algorithms are machine learning approaches used to
solve both constrained and unconstrained optimization prob-
lems. They are loosely based on natural selection [31]. We
apply a GA in two ways, first to discover new transformations
for real-world subsurface scattering and second to represent
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measured subsurface scattering data using an SVD-based
technique.

For our transformation search problem, we evolve a pop-
ulation to find the fittest solution. Each candidate solution is
referred to as a chromosome consisting of estimated transfor-
mation parameters (called genes). The set of chromosomes
that make up the population is initialized randomly for the
first generation. Through selection, crossover and mutation
operations, the population is evolved over successive gener-
ations with the help of a fitness function. To discover new
transformations for real-world subsurface scattering, we can
use a simple nonlinear optimization, which would generate a
single point at each iteration. The sequence of points would
approach an optimal solution with the algorithm determin-
istically selecting the next point in the sequence. However,
in nonlinear space, global search problems are challenging
and it is harder to robustly find global minima. Nonlinear
optimization pursues a single solution to the search prob-
lem. GAs, on the other hand, try several potential solutions
(i.e., population) to global search problems. Therefore, GAs
converge to a more accurate result. For this reason, we opt
instead to also use genetic optimization for this part of our
technique.

Our fitness (i.e., loss function) of a chromosome is defined
as the root-mean-square error (RMSE) between measured
and factored subsurface scattering data. The population size
(P) is equal to 10 x N, where N is the number of genes in
the chromosome. In other words, N is equal to the number of
variables in the applied transformation. In the evolutionary
process, some of the chromosomes are considered as elite,
which gives lower fitness values in the population. The frac-
tion of elite chromosomes is equal to [0.05 x P7, which
specifies the number of chromosomes guaranteed to survive
through to the next generation.

A selection function specifies the choice of parents for
the next generation. This function can be thought of as a
stochastic uniform, which arranges a line in which each
parent corresponds to a section of the line of length pro-
portional to its scaled value. These values are determined
by scaling the raw scores (i.e., RMSE) based on the rank
of each chromosome. The rank (r) of a chromosome is its
position (proportional to 1/4/r) in the sorted raw scores.
Using the square root in the rank fitness scaling makes poorly
ranked chromosomes more nearly equal in score giving them
a chance to survive. The algorithm traverses along the line in
steps of equal size. At each step, a parent is allocated from
the section it lands on. The first step is selected by a uniform
random number less than the step size (see Goldberg [13] for
details).

A crossover function can be called as the scattered func-
tion since it produces a random binary vector [13]. The genes
from the first parent are selected when the vector is 1, and the
genes from the second parent are selected when the vector is
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Fig.2 a, b First, we reformat the BSSRDF matrix (a) by aligning the
diagonal by a change of variables to R"I (xi, d), similar to [36]. b, ¢
Second, we automatically apply various transformation operations (see
Table 1) to obtain the subsurface scattering matrix R‘/j (xi, d) by using
our genetic algorithm. To reconstruct R& (x;, d) from R;l’ (xi, d), weonly
need to store the fittest parameters (i.e., the fittest chromosome) of the
applied transformations.

0. These are combined to specify the genes for the child. Our
crossover fraction is equal to 0.8 x P, which specifies the frac-
tion of the next generation, other than elite children, that are
produced by the crossover operation. The mutation function
randomly generates directions that are adaptive with respect
to the last successful or unsuccessful generation. This func-
tion chooses a direction and step length that satisfies bounds
and linear constraints [13]. Our mutation fraction is approx-
imately equal to 0.2 x P, which specifies the fraction of the
next generation, other than elite children, that are produced
by the operation.

To achieve meaningful and visually plausible results, we
apply boundary constraints to genes in the applied transfor-
mation (see Sect. 4.4 for the applied boundary constraints).
Our genetic optimization is terminated when the average
relative change in the best fitness function value, over gen-
erations, is less than or equal to a small threshold value (i.e.,
10_6). In our GA, we always use the same values and frac-
tions and users do not need to tune many parameters.

4.2 Transformation

Measured BSSRDF data can be represented as a matrix
R;i(x;, x,) where x; and x,, are incoming and outgoing sur-
face locations. In our transformation framework, similar to
Peers et al. [36], we first linearize the measured 4D input data
to atwo-dimensional (2D) form, i.e., matrix. Figure 2a shows
an example of a subsurface scattering matrix Ry (x;, x,) of a
heterogeneous material containing a light blocking element,
for example a vein. The effects of this are expressed by hor-
izontal and vertical discontinuities in Ry (x;, x,). Second,
we reorganize the subsurface scattering matrix Ry(x;, x,)
by changing the variables d = x, — x; (see Fig. 2a, b).
The reparameterized subsurface scattering matrix R/, (x;, d)
is a more compact form of the measured BSSRDF data

(since max(d) = kernelsize, max(d) <« max(x,), and
R&(xi, d) ~ 0 when x, — x; > max(d)), and it can be
factorized instead of R;(x;, x,).

To arrive at the fittest transformation for the measured
subsurface scattering data, we apply various transformations
using our GA (described in Sect. 4.1, see Figs. 1, 2b, ¢), to
measured data sets from Peers et al. [36] and Song et al. [41]
by using the following steps:

1. We automatically generate transformations from initial
seed transformations.

2. We automatically generate a range of chromosomes for
every applied transformation.

3. By using our genetic optimization framework, we apply
the transformations with a rank-1 approximation of SVD
to subsurface scattering data to find the fittest transfor-
mation.

Table 1 shows these applied transformations and their
properties. We seed the search with some handpicked (empir-
ically derived) initial transformations (see transformation ID:
1&4&11 in Table 1); we then automatically optimize these
by trying variations of the initial transformations that are
close by in the search space. Since subsurface scattering
profiles are large data sets, we handle a significant amount
of data (i.e., GBs of data). These large data sets increase
the computation time of our GA, and naively representing a
material may take about 1 — 2 days. In order to make this
more tractable, we perform this as a pre-processing step and
we automatically try a range of chromosomes for the same
transformation reducing computation times to ~ 2—3 x. This
allows us to optimize chromosomes for the applied transfor-
mation. Our GA finds lower fitness values if transformations
are applied to each color channel separately (see transfor-
mation ID: 1&2 in Table 1). This is because the measured
subsurface scattering data are the diffuse reflectance compo-
nent which differs in all color channels. In transformations
ID:10 through 15, R:l (x;, d) is divided by its maximum value
(i.e., max(R;, (xi, d))). Converting the subsurface scattering
profiles in this way ensures that the values of subsurface
surface scattering profiles remain within [0, 1]. This greatly
improves the efficiency of our GA for finding the fittest
transformation with the least generations (see transforma-
tion ID:9&13 in Table 1). This is an important observation,
as the number of generations plays a key role in finding the
fittest transformation, and increases the optimization time of
GAs linearly [28,32].

Measured subsurface scattering profiles have their peaks
whend = x, —x; = 0 (i.e., the light and the viewer are at the
same position), and other parts of the subsurface scattering
profiles are primarily diffuse as can be seen in Fig. 3. Start-
ing from d = 0, we allow our GA to find the fittest range of
the applied transformation. Discovering this range helps to
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Fig.3 From lefttoright: red, green and blue channels of measured scat-
tering profiles (R; (x;, d)) for artificial stone, when x; = 0. Measured
scattering profiles have their peaks when d = x, — x; = 0, which is
useful information for finding the fittest transformation with our genetic
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Fig. 4 A comparison of the SVD-based subsurface scattering model
with and without applying various transformations (see Table 1) using
our genetic optimization. The model parameter K was selected as 1.
The error values were sorted in the logarithmic RMSEs of the SVD
technique (purple) for visualization purposes

find the most optimal transformations, these were found to
be transformations ID: 14&15 shown in Table 1. Discover-
ing this range also helps to optimize the computation time of
our subsurface scattering representation, as we do not need
to apply the transformation to each surface point. We applied
both transformation ID: 14 and 15 to all measured subsur-
face scattering data with a rank-1 approximation of SVD
shown in Fig. 4. On average, transformation ID: 14 and 15
decrease the RMSE by 3.835%, and 2.875%, respectively.
Therefore, we select and use transformation ID: 14 in the
rest of paper. We get more erroneous representations with
lower rank approximations of SVD. Our GA together with
the applied transformation allows us to achieve visually plau-
sible results even with lower rank approximations of SVD.

4.3 Factorization

We compare representing the measured subsurface scattering
data with the following techniques:

0

d=x -x, (pixels)

-306 -153 0 153 459 612

d=x -x (pixels)

0
163 306 459 612 -612 -459 306

algorithm. Note that for better visualization, measured scattering pro-
files were applied a logarithmic-based scaling. Note also that d, x, and
x; are all scalar values

d=x,-x; k k=1
k S,nvl(d)
x; ~ o L-pmmm
i R
wr e (@)
S 14
Rd(xi,d) U ﬁ(xi)

Fig.5 The rank-k approximation of the measured subsurface scattering
matrix R/} (x;, d) is composed of matrix U, matrix S and matrix V. We
use the rank-1 approximation of the measured subsurface scattering
matrix R/} (x;, d)

K times
d=x,-X;
x ~ |+ ... + .
h(d) hy(d)
— S S
Rd(xi;d) fi(x) Silx;)

Fig. 6 We use an error modeling approach [2] using SVD-based fac-
torization for representing the measured subsurface scattering matrix
R (xi, d)

— TD (Tucker-based factorization [25]).
— NMF-based technique, similar to Peers et al. [36].
- SVD [35].

The SVD technique gives the best low-rank approxima-
tion with respect to the Frobenius norm on 2D data [21,35],
and it is also the most computationally efficient approach on
2D data. The SVD computes the k largest singular values

@ Springer



314

M. Kurt

0.025 T T T
I Tucker (T =20,PD =7)

I Tucker (T = 30, PD = 4)

I SVD (K = 15) + Transformation ID:14
0.02 - B
0.015 |- b
0.01 b
0.005 ] B

Chessboard (4 x4) Chessboard (8 x8) Marble (close up) Densely veined marble

RMSE

Fig. 7 A comparison of our SVD-based subsurface scattering repre-
sentation and a Tucker-based subsurface scattering representation [25]
at nearly equal storage levels
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Fig. 8 A comparison of our SVD-based subsurface scattering repre-
sentation and a NMF-based subsurface scattering representation [36] at
equal storage levels

and associated singular vectors of matrix Rg (xi, d); thus,
the SVD produces x; x k-dimensional matrix U, k x k-
dimensional matrix S and k x d-dimensional matrix V,
which yields R/ (x;, d) USV. In our modeling proce-
dure, we use the SVD to compute the rank-1 approximation
of the Rg (xi, d) by setting k = 1, which yields two vec-
tors (f1(x;) and vi(d)) and a scalar value (s1) in the form
of Rg(xi, d) =~ f1(x;)s1vi(d). To increase compactness and
to reduce rendering time of our representation, we multiply
v1(d) with s to get h(d), thus Rg(x,', d) ~ fi(xi)h1(d).
This modeling process is depicted in Fig. 5.

Our GA combined with the rank-1 approximation of the
subsurface scattering matrix using an SVD approach pro-
vides a very compact, visually plausible and computationally
efficient representation. However, due to the approximate
nature, it is unsuitable for accurately representing the visual
complexity of scattering behavior from highly heteroge-
neous and anisotropic structures of translucent materials [21].
Therefore, to minimize approximation errors, we use an
error modeling approach with the rank-1 approximation
of R//(x;,d) using the SVD technique for flexible repre-
sentation. This type of error modeling approach was first
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Table 2 Properties of the factored heterogeneous subsurface scattering materials

Rendering time (min)

RMSE PSNR

CR

Factored size (MB)

K

Original size

Kernel size (pixel)

Resolution (pixel)

Sample material

26
44

45.58 7.

0.0229
0.0421
0.0268
0.0568
0.0340
0.0192
0.0398
0.0225

1/298

8.96
5.82
2.05
5.32
1.48
2.48
7.88
1.56

2.61GB
1.68 GB
570MB
1.53GB
327MB
572MB
1.85GB
421 MB

39 x 39
39 x 39
39 x 39
39 x 39
35 %35
35 %35
35 %35
39 x 39

277 x 277
222 x 222
128 x 128
213 x 211

Chessboard (4 x 4)

9.

43.39
48.54

49.24

1/296

Chessboard (8 x 8)
Marble (close up)

12.35
9.15
11.96

1/278

1/295

Densely veined marble

42.99
47.31

1/222

108 x 108
88 x 232

Artificial stone

33

8.
7.3

1/231

Blue wax
Jade

1

47.49
47.11

1/240
1/270

260 x 260

9.18

110 x 110

Yellow wax

The table also summarizes some statistics of our subsurface scattering model with typically selected values for K. The peak signal-to-noise ratio (PSNR) values (higher is better) were computed

on the dragon scene under spot lighting with a Monte Carlo path tracing algorithm (see Fig. 11)
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Chessboard (4 x 4)
Chessboard (8 x 8)
Marble (close up)
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N
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o
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Number of K

(b)
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Fig. 9 a The root-mean-square error (RMSE) values (lower is better)
of our SVD-based model for various values of K; b the peak signal-to-
noise patio (PSNR) values (higher is better) of our SVD-based model on
the dragon scene (see Fig. 11) for various values of K; ¢ the compres-

introduced by Bilgili et al. [2]. Similar to their work, we
simplify the approximation procedure and reduce the error
of approximation in a stepwise fashion. The process for
this is firstly, we decompose the R/j(x;,d) matrix with
the SVD-based factorization yielding the vectors (f7(x;)
and h1(d)). Next, we decompose the model errors (eg
Rg (xi,d) — f1(x;) h1(d)) again with the rank-1 approxi-
mation of the SVD-based factorization, giving the vectors
(f2(x;) and hy(d)). Then, we factorize the model errors
(e2 = Ry(xi,d) — fi(xi)h1(d) — f2(xi)h2(d)) again with
the rank-1 approximation of the SVD-based factorization,
giving the vectors ( f3(x;) and h3(d)). Finally, this process is
repeated for a predetermined number of times. As shown in
Fig. 6, the final subsurface scattering model will be the sum
of the estimation of model errors and the first factorization
of Rg (x;, d), which can be formalized as:

K
Rj(xi.d) ~ Y fi(xp)hj(d).

J=1

3

K is the total number of terms and f;(x;) and h;(d) are
the univariate functions, which help to provide a very com-
pact subsurface scattering representation. In our subsurface
scattering representation, K provides some controllability
of the modeling errors of our representation. Since f;(x;)
and / j (d) functions are represented as piecewise linear func-
tions, we apply a bilinear interpolation on d when computing
R//(x;, d). This bilinear interpolation is required for the visu-
alization step, to match our texture-space representation to
3D objects described in geometry space. Note that when
K = n, this is the total number of observations (i.e., the
number of total measurements) required for the model to
provide a perfect representation.

Instead of using K times a rank-1 approximation of
SVD with the error modeling approach, we could simply
use a rank-k approximation of SVD to represent measured
subsurface scattering profiles. Both representations would
give the same RMSE, theoretically. However, the rank-1

20

10
Number of K

(c)

15 20 1 5 10

Number of K

(d)

sion ratio (CR) of our model for various values of K; d the rendering
times of our model on the dragon scene (see Fig. 11) for various values
of K

15 20

approximation of SVD is more compatible with our GA,
and since we use a parallel version of our genetic algo-
rithm, the population size is handled in parallel requiring
3x (xi xk+kxk+k xd)x P memory. Choosing to
use the rank-1 approximation allows our GA to increase the
population size, which helps to find the fittest representation
more accurately.

We compare our SVD-based subsurface scattering repre-
sentation (GenSSS) with other factorization-based subsur-
face scattering representations. To make a fair comparison,
we compare these representations at equivalent storage lev-
els. In our comparisons, we use measured data from Peers
et al. [36] and Song et al. [41]. In Fig. 7, we compare
our SVD-based subsurface scattering representation with the
Tucker-based subsurface scattering representation [25]. The
latter uses Tucker factorization on the intensity channel. To
compute color values, it applies polynomial approximation
to each color channel, separately. In Fig. 8, we compare
our SVD-based subsurface scattering representation with the
NMF-based subsurface scattering representation, similar to
[36]. The NMF-based representation applies nonnegativity
constraints on the factorization of subsurface scattering pro-
files, and it applies the NMF technique to each color channel
separately. As shown in Figs. 7 and 8, our SVD-based subsur-
face scattering representation (GenSSS) gives more visually
accurate results than alternative factorization-based subsur-
face scattering representations.

4.4 Parameter analysis

Our subsurface scattering representation (GenSSS) has four
parameters: max(RéI(x,-, d)), ag, range and K. The param-
eter max(RZl (xi, d)) is computed from measured subsurface
scattering profiles. oy and range are other components of
transformation ID:14. They are both scalar values and deter-
mined through our GA. Our algorithm searches for the fittest
chromosome, consisting of «; and range. To get meaningful
and visually plausible results, we apply some constraints to
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Our model, K =1
Data size: 0.3 MB, CR: 1/1108
RMSE = 0.093, PSNR = 39.59

Reference image
Data size: 327 MB
Artificial stone material

Our model, K =1
Data size: 1.16 MB, CR: 1/1475
RMSE = 0.168, PSNR = 38.95

Reference image
Data size: 1.68 GB
Chessboard (8 x 8) material

~

Our model, K =1
Data size: 0.41 MB, CR: 1/1392
RMSE = 0.059, PSNR = 44.28

Reference image
Data size: 570 MB
Marble (close up) material

Our model, K =1
Data size: 0.31 MB, CR: 1/1351
RMSE = 0.045, PSNR = 32.51

Reference image
Data size: 421 MB
Yellow wax material

Fig. 10 For parameter analysis of our subsurface scattering model on
Lucy, Buddha, kitten and dragon objects under spot lighting, (first col-
umn) heterogeneous artificial stone, chessboard (8 x 8), marble (close
up) and yellow wax materials were rendered with a Monte Carlo path
tracing algorithm (reference images); (other columns) the same het-
erogeneous translucent materials were rendered using our factored

oy andrange, suchthat0 < oy < 00,0 < range < max(d).
K is the number of terms in the SVD-based factorization used
in our model.

The value of K can be configured for the usage context of
our subsurface scattering model. This provides some flexi-
bility in our subsurface scattering representation, and control
over the visual quality of our subsurface scattering represen-
tation. As can be seen in Table 2, Figs. 9 and 10, when K is
chosen to be 5, our model represents the general shape of the
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Our model, K =2
Data size: 0.59 MB, CR: 1/554
RMSE = 0.055, PSNR = 42.24

Our model, K =5
Data size: 1.48 MB, CR: 1/222
RMSE = 0.034, PSNR = 46.46

Our model, K =5
Data size: 5.82 MB, CR: 1/295
RMSE = 0.042, PSNR = 45.24

- )

Our model, K =5
Data size: 2.05 MB, CR: 1/278
RMSE = 0.027, PSNR = 49.67

Our model, K =2
Data size: 2.33 MB, CR: 1/738
RMSE = 0.13, PSNR =42.73

Our model, K =2
Data size: 0.82 MB, CR: 1/696
RMSE = 0.046, PSNR = 45.98

Our model, K =5
Data size: 1.56 MB, CR: 1/270
RMSE = 0.023, PSNR =47.25

Our model, K =2
Data size: 0.62 MB, CR: 1/676
RMSE = 0.035, PSNR = 38.15

subsurface scattering model for various values of K. Below each image
we also report the RMSE value (lower is better) and PSNR value (higher
is better). Insets show false-color difference images computed between
the reference images and the rendered images. Note that for better
comparison, false-color differences were scaled by a factor of ten. All
images were rendered at 16 samples/pixel

heterogeneous subsurface scattering profile accurately while
providing good rendering times and compression rates. The
rendering time of our representation increases linearly as the
number of terms in the SVD-based factorization increases,
which can be seen in Fig. 9d. Minimizing K in our model
plays a key role when lower rendering times are desirable.
Another important parameter that has a key role on rendering
times is the range, as we apply the transformation ID:14 to
the range of subsurface scattering profiles. Our GA helps us
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SubEdit model
Data size: 5.61 MB
RMSE = 0.031, PSNR = 38.57

Our model, K =10
Data size: 4.95 MB
RMSE = 0.010, PSNR = 50.27

Reference image
Data size: 572 MB
Blue wax material

Our model, K =10
Data size: 17.91 MB
RMSE = 0.013, PSNR = 50.48

SubEdit model
Data size: 21.08 MB
RMSE = 0.158, PSNR = 43.44

Reference image
Data size: 2.61 GB
Chessboard (4 x 4) material

SubEdit model
Data size: 18.57 MB
RMSE = 0.049, PSNR = 44.40

Our model, K = 10
Data size: 15.75 MB
RMSE = 0.028, PSNR = 49.67

Reference image
Data size: 1.85 GB
Jade material

SubEdit model
Data size: 3.60 MB
RMSE = 0.029, PSNR = 33.81

Our model, K = 10
Data size: 3.12 MB
RMSE = 0.016, PSNR = 49.43

Reference image
Data size: 421 MB
Yellow wax material

Fig. 11 A visual comparison between the SubEdit model [41] and our
model at comparable data sizes on dragon, Buddha and statue objects
under spot lighting. Note that for better comparison, false-color differ-
ences were scaled by a factor of ten. All images were rendered at 16
samples/pixel

to find the optimum range of applied transformations, which
also optimize the rendering times of our GenSSS model. As
Fig. 10 shows, we achieve visually plausible results even with
K =1 for most of the translucent materials represented.

5 Results

We implemented a rendering scheme similar to Peers et al.
[36] using the Mitsuba rendering system [15] to visualize
our results and make visual comparisons with existing sub-
surface scattering representations. All subsurface scattering
representations are implemented in texture space, and we use
classical path tracing with 4 bounces of interreflections. Our
rendering algorithm includes a pre-processing part that com-
putes the irradiance on a large set of sample positions spread
uniformly over the object surface. These blue noise sample
points are well distributed, and their locations are chosen
using a technique proposed by Bowers et al. [3]. The blue
noise samples are convolved with the diffusion subsurface
scattering profiles using a fast hierarchical technique [17].
To validate our subsurface scattering model and compare it

with existing subsurface scattering representations, we use
measured heterogeneous subsurface scattering data sets from
Peers et al. [36] and Song et al. [41]. In our measured sub-
surface scattering representation procedure, we use a parallel
implementation of GAs [13,31], and an implementation of
the SVD function [35] in MATLAB. We perform compar-
isons on 8 different real-world translucent materials, varying
from fairly homogeneous to highly heterogeneous materi-
als. Table 2 gives an overview of the modeled heterogeneous
translucent materials and lists a number of statistics for our
GenSSS model, based on typical values for K. These results
demonstrate that our representation gives a high compression
ratio together with high visual accuracy.

Figure 10 shows the results from using GenSSS with
varying values of K for artificial stone, chessboard (8 x 8),
marble (close up) and yellow wax materials. We report the
root-mean-square error (RMSE), the peak signal-to-noise
ratio (PSNR) [37] and false-color difference images to better
illustrate the effects of the parameter K used in our repre-
sentation. These results show that our method provides high
compression ratios (CRs) when lower values of K are used.
At the same time, our representation captures visually plausi-
ble heterogeneous subsurface scattering effects. When higher
values of K are preferred, we achieve high accuracy, but at
the expense of compactness and rendering times, as shown
in Fig. 9.

In Fig. 11, we compare our model with Song et al.’s [41]
SubEdit representation on a selection of heterogeneous
translucent materials. To better illustrate the effects of
subsurface scattering, the scenes are rendered under spot illu-
mination using a Monte Carlo path tracing algorithm. All
scenes are rendered at 16 samples/pixel with 4 bounces of
interreflections. We set K to 10 for all translucent materials to
compare both subsurface scattering representations at com-
parable data storage levels. We again report the RMSE, the
PSNR [37] and false-color difference images to better visu-
alize the differences between the representations. Figure 12
shows a comparison of diffuse albedos to better visualize high
anisotropy and interesting subsurface scattering structures, as
both jade and the chessboard (4 x 4) exhibit these behaviors
quite well [42]. As seen in Figs. 11 and 12, our GenSSS
model captures highly anisotropic translucency effects and
interesting heterogeneities more accurately for comparable
data storage requirements.

Similar to Peers et al. [36], and Song et al. [41], we
also compare measured and modeled subsurface responses
of selected surface points in Fig. 13. In this comparison, the
dashed square approximately equals the kernel size and illus-
trates the relative size of the responses. The data storage sizes
and RMSE values of compared subsurface scattering repre-
sentations are reported in Fig. 11. The SubEdit representation
is designed for editing heterogeneous translucent materials.
It can be viewed as a decomposition of the diffuse BSSRDF,
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SubEdit model, difference image
RMSE = 0.158, PSNR = 38.00

SubEdit model
Data size: 21.08 MB

Reference image, chessboard (4 x 4) material
Data size: 2.61 GB

SubEdit model
Data size: 18.57 MB

Reference image, jade material
Data size: 1.85 GB

Fig. 12 A diffuse albedo comparison between Song et al.’s SubEdit
model [41] and our GenSSS model at comparable data sizes. We also
computed false-color difference images between measured albedos and
corresponding approximations of models. Note that for better compar-
ison, false-color differences were scaled by a factor of ten. We also

into the product of two local scattering profiles defined at the
incident and outgoing surface locations. These spatially vary-
ing 1D scattering profiles increase the storage demands for
the SubEdit representation. The SubEdit representation may
show radially symmetric behavior at some materials (see blue
wax and yellow wax in Fig. 13), due to the parameterization
used, which may be insufficient for representing heteroge-
neous materials accurately. The comparisons outlined show
that our GenSSS model represents heterogeneous translu-
cent materials more accurately for comparable data storage
requirements.

We also compare our model with the NMF-based subsur-
face scattering representation, see Fig. 14. In the data fitting
procedure, we minimize the RMSE values of the subsurface
scattering representations and use a MATLAB implemen-
tation of the NMF technique [35]. Figure 14 may also be
considered as a comparison between Peers et al.’s factored
subsurface scattering model [36] and our subsurface scatter-
ing model at equal data sizes, since the core part of Peers
et al.’s factored subsurface scattering model is based on the
NMF technique. In Fig. 15, we also compare Peers et al.’s
factored subsurface scattering model and our model at com-
parable data sizes. As shown in Fig. 15, our GenSSS model
represents responses around the peak (i.e.,d = x, —x; = 0)
more accurately. This is mainly due to our applied transfor-
mation together with our genetic optimization. NMF-based
factored representations enforce nonnegativity in the data
fitting process, and this constraint causes an increase in
modeling errors. Our method does not enforce nonnegativ-
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SubEdit model, difference image
RMSE = 0.049, PSNR = 30.79

Our model, K = 10
Data size: 17.91 MB

Our model, K = 10, difference image
RMSE = 0.013, PSNR = 42.32

Our model, K = 10
Data size: 15.75 MB

Our model, K = 10, difference image
RMSE = 0.028, PSNR = 37.18

report PSNR values (higher is better). Although chessboard (4 x 4) and
jade materials exhibit high anisotropy and interesting subsurface scatter-
ing structures, our subsurface scattering model exhibits these behaviors
quite well

ity in the data representation process; instead, we satisfy
this when discovering the fittest transformation by applying
constraints to the parameters in our GA. While NMF-based
representations [36] decompose BSSRDF data into the prod-
ucts of matrices, our GenSSS representation consists of the
univariate functions. Consequently, our model represents het-
erogeneous translucent materials more accurately than the
NMF-based factored subsurface scattering representations
for comparable data storage requirements.

Table 3 compares storage needs of various subsurface scat-
tering representations. We selected a value for K as 5 for all
the translucent materials used in this comparison. The results
show that our model is (~ 2.32x) more compact than the
SubEdit representation [41] and (~ 3.71x) more compact
than Peers et al.’s factored subsurface scattering representa-
tion [36]. This is due to the fact that our representation needs
only one-dimensional (1D) scattering profiles (9 scalar values
from the transformation ID:14, K times f;(x;) and 4 (d) in
Eq. 3). In contrast, Peers et al.’s [36] representation requires
a higher number of terms and larger matrices and Song et
al.’s [41] needs higher sizes of spatially varying 1D scattering
profiles. Finally, Table 4 lists a comparison of rendering times
for various subsurface scattering representations. Again, we
set K to 5 for all translucent materials used in this compar-
ison. All our computations were performed on a dual Intel
Xeon E5-2640 v3 CPU@2.6 GHz with 80 GB RAM work-
station. These results show that GenSSS gives comparable
rendering times to Song et al.’s [41] SubEdit representa-
tion (on average, our model is ~ 0.1 minutes faster than
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Fig. 13 A response comparison between the SubEdit model [41] and
our model at comparable data sizes. For each material, the diffuse
albedo map, a relative error distribution plot of our representation
and a selection of measured responses with the corresponding models
approximations are shown. The locations of the responses were marked

the SubEdit model), which is designed for editing and near
real-time rendering of heterogeneous translucent materials.
The SubEdit representation uses a lower number of terms, but
it applies both square root and exponential transformations
to all surface points. Our model applies an exponential trans-
formation (from transformation ID:14) to only an optimum
range of response functions, found by our GA. Real-time
rendering and editing of Song et al.’s [41] SubEdit represen-
tation would require an alternative rendering technique from
the Monte Carlo path tracing algorithm we employ for this
study. Such an alternative rendering technique would also
work with our GenSSS representation. Furthermore, GenSSS
is much faster than Peers et al.’s [36] representation (on aver-
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on the diffuse albedo map. We also computed false-color difference
images between measured responses and corresponding approximations
of models. Note that for better comparison, false-color differences were
scaled by a factor of ten. We also report PSNR values (higher is better)

age, our model is ~ 2.2 min faster than Peers et al.’s model),
as ours requires a lower number of terms compared with Peers
et al.’s approach for rendering translucent materials. Peers et
al.’s model computes subsurface scattering profiles through
a multiplication of matrices of homogeneous and heteroge-
neous approximations making it computationally intensive.

6 Applications

This section shows examples of how the measured hetero-
geneous subsurface scattering data can be converted into a
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NMEF based model
Data size: 2.48 MB
RMSE = 0.037, PSNR = 39.43

Our model, K =5
Data size: 2.48 MB
RMSE = 0.019, PSNR = 49.19

Reference image
Data size: 572 MB
Blue wax material

NMEF based model
Data size: 8.96 MB
RMSE = 0.030, PSNR =45.13

Our model, K =5
Data size: 8.96 MB
RMSE = 0.023, PSNR = 47.51

Reference image
Data size: 2.61 GB
Chessboard (4 x 4) material

— ]
NMEF based model
Data size: 5.82 MB
RMSE = 0.047, PSNR = 42.82

Reference image
Data size: 1.68 GB
Chessboard (8 x 8) material

Our model, K = 5
Data size: 5.82 MB

RMSE = 0.042, PSNR = 43.41

A\ 4

— ey ——— e

NMEF based model
Data size: 1.56 MB
RMSE = 0.034, PSNR = 47.67

Our model, K =5
Data size: 1.56 MB
RMSE = 0.023, PSNR = 50.96

Reference image
Data size: 421 MB
Yellow wax material

Fig. 14 A visual comparison between the NMF-based subsurface scat-
tering model [36] and our model at equal data sizes on Buddha, statue,
dragon and Lucy objects under spot lighting. Note that for better com-
parison, false-color differences were scaled by a factor of ten

homogeneous subsurface scattering representation by simply
using a rank-1 approximation of SVD.

To construct the homogeneous BSSRDF data that exhibits

radially symmetric behavior (locally homogeneous), we use
the reparameterized matrix R/, (x;, d), and apply the follow-
ing computation, similar to Peers et al. [36]:
Ga(xi, xo) = g(d) = g(xp — xi) = avg,, (Ry(xi, d)), (4
where g(d) is an average response function. G4(x;, x,) is an
approximation of the homogeneous BSSRDF data. There-
fore, g(d) can be used to create homogeneous BSSRDF data
Gg(xi, x,). After we compute the homogeneous BSSRDF
data G4(x;, x,) from R;(x;, x,), we use the same reparam-
eterization in Fig. 2 to compute G/;(x;, d). The computation
in Eq. 4 is essentially a radial averaging of the BSSRDF
profiles. After we construct the homogeneous BSSRDF data
using Eq. (4), we represent it with a rank-1 approximation
of SVD. Figure 16 shows that our homogeneous subsurface
scattering representation provides an almost ideal represen-
tation (RMSE =0 for all materials), as /1 (d) in Eq. 3 mostly
equals g(d) in Eq. 4. Our representation is easy to compute
(K = 1) and provides a very compact solution, since we sim-
ply store g(d) for each color channel separately. It can also
be used in real-time rendering of homogeneous translucent
materials.

Diffuse albedo

Relative error

v v255

| |

Colormap

Fig. 15 A response comparison between Peers et al.’s factored
model [36] and our model at comparable data sizes. For each mate-
rial, the diffuse albedo map, a relative error distribution plot of our
representation and a selection of measured responses with the cor-
responding models approximations are shown. The locations of the

@ Springer

Chessboard (4 x 4) Chessboard (8 x 8)
: ‘ -
Qo
©
4127 4855 g PSNR= 3426 42.83 34.01 43.57
£
=) _
’
PSNR= 3730 5049 4065 51.40 PSNR= 3571 42.25 31.71 39.95
s
: “
(]
=
s
K]
oc
PSNR= 3884 5042 3949  50.56 PSNR= 3710 4374 3839 4577
Original Peersetal. Ourmodel | Original Peersetal. Our model YO-l -YZSS Colormap Original Peersetal. Ourmodel | Original Peersetal. Our model

responses were marked on the diffuse albedo map. We also computed
false-color difference images between measured responses and corre-
sponding approximations of models. Note that for better comparison,
false-color differences were scaled by a factor of ten. We also report
PSNR values (higher is better)
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Table 3 Required storage
spaces of various subsurface
scattering representations for
different heterogeneous
translucent materials

Table 4 Rendering times (in
minutes) of various
heterogeneous subsurface
scattering representations on a
dragon scene under spot lighting
with a Monte Carlo path tracing
algorithm (see Fig. 11)

Reference image
Data size: 327 MB
Artificial stone material

Reference image
Data size: 2.61 GB
Chessboard (4 x 4) material

Reference image
Data size: 1.85 GB
Jade material

Material name Measured Peers et al. model (MB) SubEdit model (MB) Our model K = 5 (MB)
Blue wax 572MB 8.29 5.61 2.48
Chessboard (4 x 4) 2.61GB  38.07 21.08 8.96
Jade 1.85GB 25.6 18.57 7.88
Yellow wax 421 MB 6.1 3.60 1.56

Rendering data were prepared in binary double precision for all subsurface scattering representations. Storage
needs of Peers et al., SubEdit and our representations were computed for comparable visual quality

Material name Measured Peers et al. model SubEdit model Our model K =5
Blue wax 6.76 10.52 8.19 8.33
Chessboard (4 x 4) 6.94 8.77 7.72 7.26
Jade 6.74 8.43 7.59 7.31
Yellow wax 7.05 13.05 8.97 9.18

All scenes were rendered at 16 samples/pixel. Rendering times of Peers et al., SubEdit and our representations
were computed with comparable visual quality

Our model, K = 1 Reference image Our model, K = 1
Data size: 29 KB, CR: 1/11650 Data size: 572 MB Data size: 29 KB, CR: 1/20391
Homogeneous stone model Blue wax material Homogeneous blue wax model

Our model, K =1 Reference image Our model, K = 1
Data size: 36 KB, CR: 1/76653 Data size: 1.68 MB Data size: 36 KB, CR: 1/49235
Homogeneous chessboard model Chessboard (8 x 8) material Homogeneous chessboard model

Our model, K = 1 Reference image Our model, K =1
Data size: 29 KB, CR: 1/67517 Data size: 421 MB Data size: 36 KB, CR: 1/12088
Homogeneous jade model Yellow wax material Homogeneous yellow wax model

Fig. 16 By using our subsurface scattering model, homogeneous subsurface scattering effects can be captured from measured translucent materials
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7 Conclusions and future work

In this paper, we introduce our GenSSS representation for
measured subsurface scattering data. This is based on a
genetic algorithm together with the SVD technique. We
describe our genetic optimization framework, geared toward
discovering the fittest transformation for measured subsur-
face scattering data. The accuracy, efficiency and compact-
ness of our model are validated through comparisons with
a selection of different real-world translucent materials. We
show that our compact GenSSS representation can be applied
to any geometry and can be easily integrated into a standard
global illumination rendering system while yielding convinc-
ing images.

Furthermore, we present an analysis of the effects of
parameters of our subsurface scattering model on accuracy,
compactness and efficiency of our GenSSS model. We also
compare our approach with Peers et al.’s [36] factored and
Song et al.’s [41] SubEdit models. Through this compari-
son, we demonstrate that our GenSSS model can represent
heterogeneous subsurface scattering effects more compactly
and accurately than previous methods, also offering good
rendering times. This makes our representation a suitable
candidate for real-time rendering applications. Finally, we
demonstrate that our subsurface scattering representation can
be used to convert heterogeneous translucent materials into
homogeneous ones. In the future, we plan to investigate ren-
dering algorithms for employing our GenSSS representation
in screen-space, to render translucent materials in real-time
applications. We are also interested in exploring the use of
general solutions and reparameterizations for even better
representations of homogeneous, quasi-homogeneous and
heterogeneous subsurface scattering profiles utilizing our
genetic optimization framework.

Acknowledgements The author would like to thank the anonymous
reviewers for their valuable comments, Mashhuda Glencross for the
help with preparing this work, and the discussions on GAs. The author
would also like to thank Pieter Peers et al. [36] and Ying Song et al.
[41] for sharing their measured subsurface scattering data sets. This
work was supported by the Scientific and Technical Research Council
of Turkey (Project No: 119E092).

Compliance with ethical standards

Conflicts of interest The author declares that he has complied with
ethical standards and has no competing interests.

References

1. Arbree, A., Walter, B., Bala, K.: Heterogeneous subsurface scat-
tering using the finite element method. IEEE Trans. Vis. Comput.
Graph. 17(7), 956-969 (2011)

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Bilgili, A., Oztiirk, A., Kurt, M.: A general BRDF representa-

tion based on tensor decomposition. Comput. Graph. Forum 30(8),
2427-2439 (2011)

. Bowers, J., Wang, R., Wei, L.Y., Maletz, D.: Parallel poisson disk

sampling with spectrum analysis on surfaces. ACM Trans. Graph.
29(6), 166:1-166:10 (2010)

. Brady, A., Lawrence, J., Peers, P., Weimer, W.: GenBRDF: dis-

covering new analytic BRDFs with genetic programming. ACM
Trans. Graph. 33(4), 114:1-1141:1 (2014)

. Chen, G., Peers, P, Zhang, J., Tong, X.: Real-time rendering of

deformable heterogeneous translucent objects using multiresolu-
tion splatting. Visual Comput. 28(6-8), 701-711 (2012)

. d’Eon, E., Irving, G.: A quantized-diffusion model for render-

ing translucent materials. ACM Trans. Graphic. 30(4), 56:1-56:14
(2011). (Proc. SIGGRAPH ’11)

. d’Eon, E., Luebke, D.P., Enderton, E.: Efficient rendering of human

skin. In: Proc. of Eurographics Symposium on Rendering, pp. 147—
157 (2007)

. Donner, C., Jensen, H.W.: Light diffusion in multi-layered translu-

cent materials. ACM Trans. Graphic. 24(3), 1032-1039 (2005).
(Proc. SIGGRAPH °05)

. Fleming, R.W., Jensen, H.W., Biilthoff, H.H.: Perceiving translu-

cent materials. In: Proceedings of the 1st Symposium on Applied
Perception in Graphics and Visualization, APGV *04, pp. 127-134
(2004)

Frisvad, J.R., Hachisuka, T., Kjeldsen, T.K.: Directional dipole
model for subsurface scattering. ACM Trans. Graph. 34(1), 5:1—
5:12 (2014)

Fuchs, C., Goesele, M., Chen, T., Seidel, H.P.: An empirical model
for heterogeneous translucent objects. In: ACM SIGGRAPH 2005
Sketches, SIGGRAPH 05 (2005)

Goesele, M., Lensch, H.P.A., Lang, J., Fuchs, C., Seidel, H.P.:
DISCO: acquisition of translucent objects. ACM Trans. Graphic.
23(3), 835-844 (2004). (Proc. SIGGRAPH *04)

Goldberg, D.E.: Genetic Algorithms in Search, Optimization and
Machine Learning, 1st edn. Addison-Wesley Longman Publishing
Co. Inc, Boston (1989)

Guarnera, D., Guarnera, G.C., Toscani, M., Glencross, M.,
Li, B., Hardeberg, J.Y., Gegenfurtner, K.: Perceptually val-
idated cross-renderer analytical BRDF parameter remapping.
In: IEEE Transactions on Visualization and Computer Graph-
ics, p. 1. https://doi.org/10.1109/TVCG.2018.2886877. http://doi.
ieeecomputersociety.org/. (Early Access)

Jakob, W.: Mitsuba renderer (2013). http://www.mitsuba-renderer.
org. Accessed 21 Jan 2020

Jakob, W., Arbree, A., Moon, J.T., Bala, K., Marschner, S.: A radia-
tive transfer framework for rendering materials with anisotropic
structure. ACM Trans. Graphic. 29(4), 53:1-53:13 (2010). (Proc.
SIGGRAPH ’10)

Jensen, H.W., Buhler, J.: A rapid hierarchical rendering technique
for translucent materials. ACM Trans. Graphic. 21(3), 576-581
(2002). (Proc. SIGGRAPH °02)

Jensen, H.W., Marschner, S.R., Levoy, M., Hanrahan, P.: A practi-
cal model for subsurface light transport. In: Proc. SIGGRAPH 01,
pp- 511-518 (2001)

Jimenez, J., Sundstedt, V., Gutierrez, D.: Screen-space perceptual
rendering of human skin. ACM Trans. Appl. Percept. 6(4), 23:1—
23:15 (2009). (Proc. APGV ’09)

Jimenez, J., Whelan, D., Sundstedt, V., Gutierrez, D.: Real-time
realistic skin translucency. IEEE Comput. Graph. Appl. 30(4), 32—
41 (2010)

Jimenez, J., Zsolnai, K., Jarabo, A., Freude, C., Auzinger, T., Wu,
X.C., der Pahlen, J., Wimmer, M., Gutierrez, D.: Separable subsur-
face scattering. Comput. Graph. Forum 34(6), 188-197 (2015)
Kajiya, J.T.: The rendering equation. Comput. Graph. 20(4), 143—
150 (1986). (Proc. SIGGRAPH ’86)


https://doi.org/10.1109/TVCG.2018.2886877
http://doi.ieeecomputersociety.org/
http://doi.ieeecomputersociety.org/
http://www.mitsuba-renderer.org
http://www.mitsuba-renderer.org

GenSSS: a genetic algorithm for measured subsurface scattering representation

323

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Kautz, J., McCool, M.D.: Interactive rendering with arbitrary
BRDFs using separable approximations. In: Proc. of Eurographics
Workshop on Rendering, pp. 247-260. Granada, Spain (1999)
Kolda, T.G., Bader, B.W.: Tensor decompositions and applications.
SIAM Rev. 51(3), 455-500 (2009)

Kurt, M., Oztiirk, A., Peers, P:: A compact tucker-based factoriza-
tion model for heterogeneous subsurface scattering. In: Proceed-
ings of the 11th Theory and Practice of Computer Graphics, TPCG
’13, pp. 85-92 (2013)

Lawrence, J., Ben-Artzi, A., DeCoro, C., Matusik, W., Pfister,
H., Ramamoorthi, R., Rusinkiewicz, S.: Inverse shade trees for
non-parametric material representation and editing. ACM Trans.
Graphic. 25(3), 735-745 (2006). (Proc. SIGGRAPH ’06)
Lawrence, J., Rusinkiewicz, S., Ramamoorthi, R.: Efficient BRDF
importance sampling using a factored representation. ACM Trans.
Graphic. 23(3), 496-505 (2004). (Proc. SIGGRAPH ’04)
Masia, B., Munoz, A., Tolosa, A., Anson, O., Lopez-Moreno, J.,
Jimenez, J., Gutierrez, D.: Genetic algorithms for estimation of
reflectance parameters. In: Proceedings of the 25th Spring Confer-
ence on Computer Graphics, Posters, SCCG ’09, pp. 39-44 (2009)
McCool, M.D., Ang, J., Ahmad, A.: Homomorphic factorization
of BRDFs for high-performance rendering. In: Proc. SIGGRAPH
"01, pp. 171-178. ACM (2001)

Mertens, T., Kautz, J., Bekaert, P., Reeth, F.V., Seidel, H.P.: Effi-
cient rendering of local subsurface scattering. Comput. Graph.
Forum 24(1), 41-49 (2005)

Mitchell, M.: An Introduction to Genetic Algorithms. MIT Press,
Cambridge (1996)

Munoz, A., Masia, B., Tolosa, A., Gutierrez, D.: Single-image
appearance acquisition using genetic algorithms. In: Proceedings of
the IADIS International Conference on Computer Graphics, Visu-
alization, Computer Vision and Image Processing, IADIS *09, pp.
24-32 (2009)

Nakamoto, K., Koike, T.: Which BSSRDF model is better for het-
erogeneous materials? In: Proceedings of the ACM SIGGRAPH
2018, Posters, SIGGRAPH 18, pp. 44:1-44:2 (2018)
Nicodemus, FE., Richmond, J.C., Hsia, J.J., Ginsberg, I.W.,
Limperis, T.: Geometrical considerations and nomenclature for
reflectance. Monograph, National Bureau of Standards (US) (1977)
Pajarola, R., Suter, S.K., Ruiters, R.: Tensor Approximation in
Visualization and Computer Graphics. In: EG 2013 - Tutorials,
pp. t6. Eurographics Association, Girona, Spain (2013)

Peers, P., vom Berge, K., Matusik, W., Ramamoorthi, R., Lawrence,
J., Rusinkiewicz, S., Dutré, P.: A compact factored representation of
heterogeneous subsurface scattering. ACM Trans. Graphic. 25(3),
746-753 (2006). (Proc. SIGGRAPH ’06)

Richardson, LE.: Video Codec Design: Developing Image and
Video Compression Systems. Wiley, New York (2002)

Ruiters, R., Klein, R.: BTF compression via sparse tensor decom-
position. Comput. Graph. Forum 28(4), 1181-1188 (2009)
Ruiters, R., Schwartz, C., Klein, R.: Data driven surface reflectance
from sparse and irregular samples. Comput. Graph. Forum 31(2),
315-324 (2012)

Sone, H., Hachisuka, T., Koike, T.: Parameter estimation of BSS-
RDF for heterogeneous materials. In: Peytavie, A., Bosch, C. (eds.)
Proceedings of the Eurographics 2017, Short Papers, pp. 73-76.
The Eurographics Association (2017)

Song, Y., Tong, X., Pellacini, F., Peers, P.: SubEdit: a representation
for editing measured heterogeneous subsurface scattering. ACM
Trans. Graphic. 28(3), 31:1-31:10 (2009). (Proc. SIGGRAPH
’09)

Song, Y., Wang, W.: A data-driven model for anisotropic heteroge-
neous subsurface scattering. In: Proceedings of the 5th Asia-Pacific
Signal and Information Processing Association Annual Summit
and Conference, pp. 1-7 (2013)

43.

44,

45.

46.

47.

48.

49.

Sun, X., Zhou, K., Chen, Y., Lin, S., Shi, J., Guo, B.: Interac-
tive relighting with dynamic BRDFs. ACM Trans. Graphic. 26(3),
27:1-27:10 (2007). (Proc. SIGGRAPH ’07)

Suter, S.K., Iglesias Guitian, J.A., Marton, F., Agus, M., Elsener,
A., Zollikofer, C.P.E., Gopi, M., Gobbetti, E., Pajarola, R.: Inter-
active multiscale tensor reconstruction for multiresolution volume
visualization. IEEE Trans. Vis. Comput. Graph. 17(12),2135-2143
(2011)

Tong, X., Wang, J., Lin, S., Guo, B., Shum, H.Y.: Modeling and
rendering of quasi-homogeneous materials. ACM Trans. Graphic.
24(3), 1054-1061 (2005). (Proc. SIGGRAPH ’05)

Vasilescu, M.A.O., Terzopoulos, D.: TensorTextures: multilinear
image-based rendering. ACM Trans. Graphic. 23(3), 336-342
(2004). (Proc. SIGGRAPH ’04)

Wang, H., Wu, Q., Shi, L., Yu, Y., Ahuja, N.: Out-of-core tensor
approximation of multi-dimensional matrices of visual data. ACM
Trans. Graphic. 24(3), 527-535 (2005). (Proc. SIGGRAPH ’05)
Xu, K., Gao, Y., Li, Y., Ju, T., Hu, S.M.: Real-time homogenous
translucent material editing. Comput. Graph. Forum 26(3), 545-
552 (2007)

Yan, L.Q., Zhou, Y., Xu, K., Wang, R.: Accurate translucent mate-
rial rendering under spherical Gaussian lights. Comput. Graph.
Forum 31(7), 2267-2276 (2012)

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Murat Kurt is currently a research
assistant in International
Computer Institute, Ege Univer-
sity. He graduated with M.Sc. and
Ph.D. degrees from International
Computer Institute, Ege Univer-
sity, in 2007 and 2014, respec-
tively. He received his B.Sc.
degree from the Department of
Civil Engineering, Dokuz Eyliil
University, in 2002. His research
interests are in the field of com-
puter graphics, with focuses on
global illumination algorithms,
realistic and physically based ren-

dering, appearance capture and appearance modeling. He is active
within a number of industrial and academic collaborations directed
toward development of state-of-the-art applications and techniques for
computer graphics. His research has been published in over 30 journal
articles, conference papers and book chapters.

@ Springer



	GenSSS: a genetic algorithm for measured subsurface scattering representation
	Abstract
	1 Introduction
	2 Related work
	3 Overview
	4 Our subsurface scattering representation
	4.1 Our genetic algorithm
	4.2 Transformation
	4.3 Factorization
	4.4 Parameter analysis

	5 Results
	6 Applications
	7 Conclusions and future work
	Acknowledgements
	References




