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ABSTRACT

REAL-TIME RENDERING ON MOBILE GRAPHICS USING
GAUSSIAN MIXTURE MODELS

TORAL, Ozkan Anil
MSc in Computer Engineering
Supervisor: Prof. Dr. M. Cudi OKUR

June 2015, 33 pages

In this thesis, we developed a real-time global illumination application for
mobile devices and we show that, real-time rendering technique using Gaussian
Mixture Model (GMM) for environment lighting is possible even with a low-power
mobile graphics processing unit (GPU). With our implementation, isotropic and
anisotropic materials can be visualized in real-time by changing the parameters of
Bidirectional Reflectance Distribution Function (BRDF). We extend our GMM
method to mobile graphics. Our GMM technique represents isotropic and anisotropic
BRDFs using sum of Spherical Gaussians (SG) fitted by Expectation Maximization
(EM) algorithm, which provide an accurate approximation with acceptable number of
lobes. To suppress the approximation errors, we use GPU generated MIP-maps for
filtering environment maps. MIP-mapped lookup is calculated by the size of SG lobes
to make filtering more efficiently. Based on the results, it is shown that both isotropic
and anisotropic reflectances can be handled in real-time on mobile phones using our
GMM technique.

Keywords: Mobile Graphics, Gaussian Mixture Models, Computer Graphics, Real-time
Rendering, Precomputed Radiance Transfer, Spherical Gaussian.



OZET

MOBIL GRAFIKLER ICIN GAUSSIAN KARISIM MODELI
KULLANARAK GERCEK ZAMANLI GORUNTULEME

Ozkan Anil TORAL
Yiksek Lisans, Bilgisayar Miihendisligi BélUmi
Tez Damismani: Prof. Dr. M. Cudi OKUR

Haziran 2015, 33 sayfa

Bu tezde, mobil cihazlar igin gergcek-zamanli gevresel isiklandirma uygulamasi
gelistirdik ve Gaussian Karisim Modeli (Gaussian Mixture Model, GMM) kullanarak
cevresel 1giklandirmanin diisiik-giliglii mobil grafik islemci tnitelerinde (Graphics
Processing Unit, GPU) de miimkiin olabilecegini gosterdik. Uygulamamizda ¢ift-
yonlii yansima dagilim fonksiyonlarinin (Bidirectional Reflectance Distribution
Function, BRDF) parametreleri degistirilerek istenilen yonbagimli ve yonbagimsiz
materyallerin gercek-zamanli olarak goriintiilenmesi saglanmistir. GMM yontemimizi
mobil grafikler i¢in uygun olacak sekilde de genislettik. GMM yontemimiz
yonbagimli ve yonbagimsiz BRDF’leri, beklenti maksimizasyonu (Expectation
Maximization, EM) kullanilarak yerlestirilmis kiiresel Gaussian (Spherical
Gaussians, SG) ile ifade ederek, gerekli SG sayisini kabul edilebilir bir sayiya indirir.
Tahminlemeden kaynaklanan hatalar1 azaltmak i¢in, GPU tarafindan olusturulan
MIP-mapleri kullanarak cevreyi filtreleriz. MIP-maplerin seviyeleri SG’lerin
genislikleri ile verimli bir sekilde hesaplariz. Sonuglar dogrultusunda yénbagimli ve
yonbagimsiz yansimalarin gergek-zamanli olarak GMM yontemimiz ile mobil

cihazlar tizerinde de goriintiilenebilecegi gosterilmistir.

Anahtar sozcukler: Mobil Grafikler, Gaussian Karisim Modelleri, Bilgisayar
Grafikleri, Gergek-zamanl goriintiileme, Onceden Hesaplanmis Isima, Kiiresel Gaussian.
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1 INTRODUCTION
1.1 Subject of the Thesis

Visualization of materials in different lighting environments in real-time is an
important subject in computer graphics. Extending this subject into mobile graphics is
a major challenge because of low computing power and heating problems. In this
thesis we focused on these subjects.

Approximation of the illumination integral can produce some errors. To reduce these
errors, there are some noise reduction techniques such as multiple importance
sampling (Veach, 1998) have been proposed. Convolving environmental maps as a
pre-filtering step can be approached for eliminating numerical estimation. Since the
isotropic BRDFs are radially symmetric, only the lobe direction and size can be used
for filtering environment maps, but for the anisotropic materials the orientation of the
lobe must also be taken into account. In this thesis we show that GMMs can also
provide an accurate approximation for anisotropic BRDFs.

In real-time rendering, adopting SGs to represent spherical functions is a popular
technique to estimate BRDFs in global illumination. Recent techniques (Tsai and
Shih, 2006, Wang et al., 2009, Xu et al., 2013) used SGs to represent BRDF, lighting
and visibility approximation.

In this thesis we use GMM fitted by EM algorithm to represent both isotropic and
anisotropic BRDFs. We use hardware generated MIP-maps in real-time, which does
not require pre-computation, to suppress the approximation errors. We also extend
this technique to mobile graphics to work with a low-power mobile graphics
processing unit (GPU).

Our technique is more efficient than its competitors with similar approaches like
(Tsai and Shih, 2006, Wang et al., 2009, Xu et al., 2013, Iwasaki et al., 2012), in
terms of computation time of fitting GMM, and the scene can be changed
dynamically.

Publications by this thesis scope:



O. A. Toral, S. Ergun, M. Kurt, A. Oztiirk, 2014, Mobile GPU-Based Importance
Sampling Signal Processing and Communications Applications Conference (SIU),
IEEE, 22nd, p. 510-513, Trabzon, Turkey.

O. A. Toral, S. Ergun, A. Oztirk, 2014, Real-Time Distant Light Filtering using
Gaussian Mixture Model Proceedings of EURASIA GRAPHICS 2014, Hacettepe
University Press, p. 1:1-1:6, Ankara, Turkey.

1.1 Related Work

There are many techniques for evaluating the Rendering Equation (Kajiya, 1986). A
popular approach for the evaluation of the equation is to sampling the light (Szecsi et
al., 2010, Ergun et al., 2012), or BRDF (Ward, 1992, Bilgili et al., 2011, Lawrence et
al., 2004, Pacanowski et al., 2012). However, using one of these strategies can be
inaccurate to approximate outgoing radiance in Rendering Equation.

Precomputed Radiance Transfer (PRT) (Sloan et al., 2002) supports low-frequency
lighting environments only and requires using Spherical Harmonics (SH) for lighting.
SHs (Ramamoorthi, 2001) solve the pre-filtering step but they can only work with
low-frequency lighting and static BRDF. Haar wavelets (Ng et al., 2003) for PRT
supports all-frequency lights, but it has high memory and precomputation costs.
Factoring BRDF into separate view and light components works well for diffuse
BRDF to overcome this problem, but requires large number of terms to approximate
specular BRDFs (Wang et al., 2004, Liu et al., 2004, Wang et al. 2006, Tsai and Shih,
2006).

Using Spherical Radial Basis Functions (SRBF) for environment light and light
transport functions can achieve all-frequency PRT (Tsai and Shih, 2006). This
method can provide a real-time rendering with plausible image quality, but it does not
support highly specular BRDFs.

There are many GMM approaches similar to our technique (Green et al., 2006, Green
et al., 2007, Wang et al., 2009, Xu et al., 2013). (Green et al., 2006) proposed their
own optimization technique to fit the Gaussian parameters, for PRT-based rendering
routine, which supports interpolation over view direction and vertices. This technique
is limited to static scenes and its storage cost is high. (Green et al., 2007) improved
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their previous method by separating reflectance and visibility which provides a light-
weight visibility approximation for shadowed reflections using SHs and a separate
GMM for each predetermined view elevation angle. However, this technique does not
support anisotropic BRDFs and precomputation and storage cost high even for
isotropic BRDFs. For the anisotropic BRDFs (Wang et al., 2009) fit Gaussians using
L-BFGS-B solver (Zhu et al., 1997), and use SGs for the view directions that
approximated by SGs with their own spherical warp approach. Anisotropic BRDFs
require more SGs for the approximation than isotropic BRDFs because of the errors
that occur in grazing angles. (Xu et al., 2013) used Anisotropic Spherical Gaussians
(ASG) reduce these errors and the lobe count.

(Colbert and Krivanek, 2007) proposed an image-based GPU-based filtered
importance sampling technique, which supports dynamic scenes but it only works
with moderately anisotropic BRDFs. (Kautz et al., 2000) proposed a pre-filtering
technique of anisotropic environment maps using Banks model (Banks, 1994). In this
method, Lambert's term is discarded to decrease the dimensionality which causes
reflectance problems. (Tan et al., 2005) use GMMSs, which are aligned with their own
modified EM algorithm, for multiresolution reflectance. (Han et al., 2007) proposed a
similar technique by using GMMs for normal map filtering.



2 BACKGROUND
2.1 Global IHlumination

Global illumination is one of the most popular subjects in computer graphics. It
enhances the realism of rendered scenes by simulating the light interreflections
(Figure 2.1). For example, if there is a white ball next to a blue wall, there will be a
slight blue tint on it.

(@) (b)

Figure 2.1 Scenes rendered without (a) and with (b) global illumination.

Global illumination algorithms are designed to solve the rendering equation which
describes the global energy balance in a scene.

2.2 Rendering Equation
Rendering is the process of computing the outgoing radiance along the view ray,
which based is on light sources and material properties. Calculating these rays can be

done with an equation called rendering equation, also known as illumination integral
(Equation 1.1).

Lo(w,) = f Li(wp(wp 00) (1 )00,
Q+

Equation 2.1 Rendering equation.



In this equation, L,, is the total outgoing radiance, w,, is the direction of the outgoing
light, L;, is the incoming radiance, w;, is the incoming light direction which is the
opposite of the w, between surface normal n. p(w;, w,) is BRDF which describes in
Section 2.3.

2.3 BRDF

In global illumination, the function that is used to describe how a material or surface
reflects the light is called bidirectional reflectance distribution function (BRDF).
BRDF takes an incoming w;, and outgoing w,, light direction, and calculates the ratio
between differential outgoing radiance and differential irradiance.

When a light hits a surface from a solid angle, the light will reflect in various
directions. In any given outgoing direction the ratio between this radiance and
irradiance is the BRDF (Figure 1.2).

Figure 2.2 BRDF visualisation in a reflectance hemisphere. (Toral, 2014)

2.4 Spherical Gaussians

Spherical Gaussians, also known as Von Mises-Fisher distributions, are trivariate
isotropic Gaussian distributions with the unit sphere. Von Mises-Fisher distribution is
a probability distribution on the (p — 1)-dimensional sphere. On a unit sphere in 3
dimensions (p = 3), the probability distribution function is:

5



rul x

9% 1) = 4 sinh k

Equation 2.2 Von Misses-Fisher.

where u is the lobe axis, k is the lobe sharpness and x is the direction vector of the
resulting function.

(Han et al., 2007) show that, to get Gaussian distribution with von Mises-Fischer
distribution, we can use 0% = % (Equation 2.3).

K
x5 U, k) = — eCrpr=1)
9w x) =
Equation 2.3 Gaussian distribution equivalent with VVon Mises-Fischer distribution.

Spherical Gaussians are isotropic distributions, so it is easy to rotate these
distributions just by rotating the u axis.

2.5 BRDF Approximation with Mixture of SGs

For BRDF approximation, we used GMM. We have modeled the specular component
of BRDF for a set of fixed viewing directions V = {o;}(Equation 2.4).

N

p(i,0;)(n-i) = Z a9 (i By j» K j)

k=1

Equation 2.4 Specular component of the

BRDFs multiplied by the cosine term.

In the equation above (Equation 2.4), p(i, oj) is the BRDF function, i is the incoming
light direction, o; is a fixed viewing direction, n is the surface normal, and g is a SG
distribution with direction, p, ;, and angle, k, ;. After the estimation, we stored the
parameters in a texture, which is parameterized by k and j. Then, we can use this
texture texture later in the rendering process.



Maximum likelihood estimation method can be used for estimating parameters of a
probability model. However, due to the summation terms in GMM, it is impossible to
find a closed-form solution, so the parameters must be estimated numerically using
optimization methods. In this thesis, we used the EM algorithm (Tan et al., 2005,
Dempster et al., 1977, Bilmes, 1998). EM is an iterative nonlinear optimization
method for estimating parameters of a probability model that depends on unobserved
latent variables.

The parameter vector ® of a GMM can be estimated by maximizing the
likelihood. We use samples X = {x;;1 <i < M} from the original distribution
(Equation 2.5).

M N
0O = argmax P(X|@®) = argmax 1_[(2 ay 8(x;; Uy K1)
i=1 k=1

Equation 2.5 Likelihood maximization to calculate the parameter vector @.

Parameter estimation using EM, the latent variables Z = {z;;1 <i < M}, determine
the component from which the observation originates.

X;|(Z; = k)~G (e, 1) = P(Z; = k) = ay AND z a =1
Equation 2.6 Estimating the latent variables.

EM algorithm works iteratively. There are two steps in this algorithm. First one, the
expectation step, finds the expected value of log-likelihood with respect to the
unknown data Z given the observed data X and the current parameter estimates. For
the second, the maximization step, algorithm estimates parameters that maximizes the
expectation computed in the first step. With these steps we guarantee convergence to
a local maxima. Initial guess for the parameters is very important, because the local
maxima can be different from the optimum result. In order to increase the estimation,
we first calculate the spherical coordinates 8 and ¢ of the samples. Then, we sort the
samples with the variance. Then, we cluster the sorted samples into N equally sized
sets. At last, for every set we assume that a different SG distribution then, we



estimate the parameters of each SG distribution from the samples in the
corresponding set that we clustered.

2.6 Real-time Rendering Using SGs

SGs are isometric and radially symmetric so this makes SGs to use in real-time
rendering. The mean direction vector, u, describes the direction of the distribution
which is used to determine the light direction from an environment map. Also, the
variance parameter, k, describes the region of the environment map that is going to be
averaged. The number of pixels that are going to be averaged will increase as the area
in the environment map increases.

(Colbert and Krivanek, 2007) showed that, averaging pixels can be done by using the
mipmaping in real-time. The mipmap level can be calculated with the solid angle of
the SG lobe.

Figure 2.3 Spherical Gaussian and the mean direction with solid angle.



For the aligning the direction of the distribution we rotate the direction, u, with the
unit-z axis. With this method we simplify the calculations and it does not change the
solid angle, Qg, subtended by the distribution. Then, we calculate the cumulative
distribution of the 8 marginal of the distribution where 6 is the azimuth angle in
spherical coordinates (Equation 2.7).

Go (1) = 1 — ex(cost=1)

Equation 2.7 Cumulative distribution of the & marginal of the distribution.

We use the inverse of this cumulative distribution function (Equation 2.8) to find the
6 span of the distribution (Figure 2.3).

log(l—«a
Gy (a; k) = arccos (? + 1)

Equation 2.8 Inverse cumulative distribution function.

In this equation above (Equation 2.8) a, is the percentage of the coverage. Then, we
can find the solid angle subtended by the distribution (Equation 2.9).

The solid angle subtended by the distribution can then be found by:

2rlog(1l — @)

Gg_l(a;K')
Qg = 27rj sin0dl = —
0 K

Equation 2.9 The solid angle subtened by the distribution.

The number of environment map pixels can be calculated by finding the solid angle
subtended by a single pixel of the highest detail mipmap of the environment map, Q,,

(Equation 2.10) similar to (Colbert and Krivanek, 2007) approach.

Equation 2.10 The solid angle subtended by a single

pixel of the highest detail mipmap of the environment map.



In this equation (Equation 2.10), d(i), is the distortion factor, w and h are the
environment map width and height in pixels consecutively.

We can calculate the mip level by the logarithm of the ratio of the solid angle
subtended by the distribution and the solid angle subtended by a single pixel
(Equation 2.11).

1 0 1 1
I'= 7log, (Q—s> = 5 (logy(—2mlog(1 —a)) — log k) + 5 (logz(w - h) — log, d(D))
P

Equation 2.11 Mipmap calculation.

The term, (1 —a), in (Equation 2.11) controls the smoothness. k, depends on SG
parameters and the term, (w-h), depends only on environment map size. We
precompute these with a minimal computation cost. The last term, d(i), is the
mapping distortion factor, and we use dual paraboloid environment maps (Heidrich
and Seidel, 1998), so we can calculate this as (Equation 2.12).

d(i) = 4b*(Ji,| + 1)*

Equation 2.12 Mapping distortion calculation.

In this equation (Equation 2.12) b, is the scale factor to allow each paraboloid to have
information from the opposite direction as in (Colbert and Krivanek, 2007).

As a summary of our approach; we used EM algorithm for each o; to fit 8 or 16 SGs.
We precompute and store ey ;, Ky ; parameters and spherical coordinates of My j ina
texture format. In the rendering step we calculate the out-going direction vector in
tangent space then, for each SG, the parameters of the distribution are looked up from
the precomputed and stored texture. Then, we rotate the SG to transform u direction
into world-space and calculate the texture mapping coordinates for the environment
map. After we calculate the mipmap lod index, the contribution of this SG is looked
up from the environment map using the calculated lod index.

10



3 IMPLEMENTATION
We implemented our GMM approach to Unity 3D with using CG shaders.
3.1 Unity3D

Unity is a multiplatform development environment for creating 3D and 2D games. It
is easy to use and can be very powerful for expert usage. Unity projects can be
exported into HTML5, Android, Windows and 10S platforms. We used C# language
to create the unity application.

3.2 Android SDK

Android software development kit is used to create applications for the Android
platform. Sample projects and development tools are included in the Android SDK.
Also it is possible to use Android emulators to test your projects.

3.3 Cg Programming

Cg, is the short form for C for Graphics, is a high-level shading language for
programming vertex and pixel shaders. Cg is based on the C programming language,
which is modified for graphics processing units. This language is only suitable for
GPU programming and is not a general programming language.

Cg programming in the game engine Unity is user-friendly with importing meshes

and images with user interface, also mipmaps and normal maps can be computed
automatically.

11



4 RESULTS
4.1 Method Comparison

We have implemented three methods to compare with our GMM method. These are
filtered importance sampling (Colvert and Krivanek, 2007) and the all-frequency
rendering method (Wang et al., 2009). For the reference images, we have used PBRT
offline renderer (Pharr and Humphreys, 2010). We have used the Ward BRDF model
(Ward, 1992) for our test scene (Figure 4.1).

Reference Filtered IS.  All-Frequency GMM Method

ay = 0.01,a, = 0.01 30.28 dB 34.93 dB 34.11dB

12



a, = 0.05,a), = 0.05 25.27 dB 28.40 dB 30.78 dB

ay=01a,=01 27.93dB 27.69 dB 29.13dB

13



a, =0.15,a), = 0.15 28.41dB 28.21dB 32.75dB

ay =0.2,a,=0.2 27.02dB 28.10dB 32.59 dB

Figure 4.1 Method comparison in Grace Cathedral scene.

In our test environment we have seen that the Filtered Importance sampling method is
the slowest of these three methods. To achieve similar quality with the other methods
it requires large samples (about 40 samples). However, All-frequency method
requires only a single sample, making it the fastest of these methods. We tested our
proposed method with 8 SG lobes, which makes it slower than all-frequency method
but faster than filtered importance sampling. On our test machine, (Intel Core i7-920,
NVIDIA GeForce GTX 480, 12 GB ram), all-frequency rendering method runs at

14



~5200 frames per second (fps). Filtered Importance sampling method runs at ~490
fps and our method runs at ~990 fps.

We compared the quality using five specularity levels, « = 0.01,0.05,0.1,0.15, 0.2.
Rendering results can be seen in (Figure 3.1). In the first column in this figure there
are reference images. In the following columns, filtered importance sampling, all-
frequency rendering, and our method are presented. All of the three methods have
difference image between the images produced by the corresponding method and the
reference images below. We gave the Peak Signal-to-Noise Ratio (PSNR) values for
each difference image. We have also shown that our method can handle anisotropic
materials as well (Figure 3.2).

Reference Filtered IS.  All-Frequency GMM Method

ay = 0.01,ay, = 0.2 23.58 dB 20.17 dB 30.20 dB

Figure 4.2 Method comparison in Grace Cathedral scene for anisotropic materials.
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4.2 Mobile Results

We tested our method on Samsung Galaxy S4 Android device. For 8 SG lobes we
observed ~30 FPS, and for 16 SG lobes we observed ~20 FPS (Figure 4.3 & 4.4).

Figure 4.3 Screenshots from mobile device with 8 SGs.

Figure 4.4 Screenshots from mobile device with 16 SGs.

The shader that we coded can be used in Unity Material, which helps to adjust the
properties of the shader. In the shader we specified the related textures as inputs. One
of them is the environment which we also used as a skybox. The second texture is the
precomputed SG parameters.

Materials can be changed dynamically so the scene and the BRDF parameters can be
observed and edited in real-time.

16



5 CONCLUSION

We have proposed a real-time rendering technique to render scenes with global
illumination and extend it to mobile graphics. Our approach produces better quality
images as compared to its competitors. Also it can work in dynamic scenes and
supports both isotropic and anisotropic materials.

Our GMM approach produce artifacts for using fixed viewing directions and fitting
them independently. These artifacts can be fixed by interpolating the SG parameters.
Since the fitting is done independently for each viewing direction, the resulting SG
parameters cannot be interpolated. In the fitting procedure this problem can be solved
by considering the neighboring view directions. Solving this artifact problem by
parameter interpolation is left for future work.

17
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