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Abstract: We present a real-time subsurface scattering simulation to perfornimeatendering of translucent particle-based fluids.
After particle-based fluid simulation, we immediately build voxelized fluidBeda/oronoi fluids with particle locations and neighbour
lists using GPUs. And then, we perform a multiple subsurface scatteringegion over the Voronoi fluids with the diffusion equation
(DE). We employ Finite Volume Methods to solve DE efficiently and rapidly witn\tbxelized fluids. In our implementation, DE is
solved on GPUs with the diffusive source boundary condition and cfuagtion for computing the outgoing radiance. We demonstrate
a milk demo that show our method can be performed in real-time with CU&geth fluid simulation.
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1. Introduction subsurface scattering rendering techniques for transtuce
fluids in real-time and without any inner mesh data.

Subsurface scattering effects are important to improve the ~We present a real-time subsurface scattering rendering
visual appearance in computer graphics. This naturamethod for particle-based fluids. Our method directly
phenomenon is a mechanism of light transport in auses the particle’s location as a radiant flux sampling
translucent object. When light photons are scattered byoint and performs a scattering simulation using the
interacting with particles of material, we can observe thisdiffusion process §]. The diffusion process describes
phenomenon occurred on the surface of translucentsotropic multiple scattering effects in translucent
objects. However, scattering effects are complex tomaterials by solving the diffusion equation. After the
simulate for rendering images. scattering simulation, we rend_er the isp-surfgce of the
Real-time subsurface scattering simulation andfluids using screen space fluid rendering] fith an
rendering are still challenging works for interactive Outgoing radiance.
application such as 3D games. Many researchers have We voxelize particle-based fluids, calledoronoi
proposed real-time subsurface scattering renderindluids with particle locations and neighbor lists using
techniques for translucent materiald,4,3]. These  GPUs. This voxelization process is similar to the building
reserches are focused on rigid translucent objects, such ggocess of the Voronoi diagram, and is parallelized easily
wax, candle, marble, jade, or human skin. And they needo perform in real-time. For solving the diffusion equation
pre-processing time (maybe a few minutes) to generat@ver Voronoi fluids using Finite Volume Methods, we
inner mesh structures for radiance sampling. Somednly need volumes of cells and areas of cells’ surrounding
subsurface scattering rendering techniques for humaifaces from the voxelized fluids. So we can speed up the
skin are already available in famous game engines. voxelization process with requiring simple data. In our
Recently, many video games employ particle-basedmplementaion, we use only nVIDIA CUDA7] which
fluids effects #] which make games more realistic. They Pperforms this process in real-time.
only render fluids’ surface using simple methods, e.g.  This paper consists of the following contents: after the
screen space rendering techniqué&$ [The rendering preview of the related works in chapter 2, we explain
results are a lack of optical phenomenon such agriefly on the diffusion equation in chapter 3, and derive
subsurface scattering. However, there are no availabl¢he discrete diffusion equation and solve the equation. In
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chapter 4, our method is implemented with GPUs. Finally  Iso-surface rendering methods of particle-based fluids
we discuss about the results and conclusion in chapter @re also important. Mler and his colleagues3] suggest
and 7. an iso-surface extraction method using marching cubes
[17] within a volumetric density field. This method
becomes expensive in higher resolution of a grid and as
2. Related Work increasing number of particles. Alternatively, screen
space approaches use only locations of the camera-facing
particles for speed-up and make 2.5D iso-surface meshes
[18] without explicit meshing $] which are suitable to
interactive applications. We utilize the screen spacedluid
¥endering techniques] for our particle-based scattering
simulation.

2.1. Subsurface Scattering

Photorealistic subsurface scattering rendering can b
performed with Monte-Carlo path tracin@][or Photon
Mapping P]. They are physically accurate, but these
methods usually require hours for rendering. Std [
introduces the diffusion equation to computer graphics for3, The Diffusion Theory
multiple scattering simulations for smoke and cloud. The
diffusion equation is an approximation version of the Subsurface scattering effects in translucent materias ar
volumetric radiative transfer equation with diffusion complex to simulate accurately. The volumetric radiative
approximation 11]. Jensen and his colleagues$][ transfer equation (VRTE) perfectly describes the
introduced a dipole method with the diffusion equation. scattering phenomenon in a randomly scattering medium
They show realistic rendering results for homogeneoud11]. This equation computes eventually the differential
translucent materials, like skin and marble, in a few radiancel(x, w) leaving at positiorx in directionw. The
minutes. They also proposed how to acquire material'sradiance is evaluated with a scattering coefficig(it), a
scattering properties. Arbree and his colleagu&g] [ absorption coefficienti(x) and a phase functiop(w, «'),
improve the quality of results with the diffusive source the VRTE is following :
boundary condition and the query function for computing (w-O)L(x, w) =
out%omg radiance for diffusion process. _ —U(X)L(X, 0) + T5(X) [, L(x, ') p(, w)de + Q(x, w)
gcently many papers have presented aIgpnthms for 1)
re.;al-tl'me rendering of tranglucent objects?, 3] with the whereQ(x,w) is a light source function.
diffusion process, but their goals are restricted only 10 1he giffusion equation is approximated version of
rigid objects. They employ finite difference methods, \/rTE by diffusion approximation defined by a simpler
finite element methods and finite volume methods tOfnction with a near isotropic angular distribution: the
solve the diffusion equation within tetrahedra_ll r_neshes a%calar fluencep(x) and the vector irradiandg(x)[11, 25].
structured geo_metrlcal dz_ata. However, the bL{lIdlng cost OfThe diffusion approximation is following,
the structure is expensive. So they are difficult to be

applied on real-time applications of fluids. Screen space L(x, w) ~ i(p(x)+ iE(x) e 2)
approaches13,14] are also performed in real-time and 4an an
show reasonable quality of results. where o(x) = JarL (% w)dw and

E(X) = [4;L(X, w) - codco.
The substitution of equation2) into equation 1)
2.2. Particle-based fluids yields the diffusion equation:

O-(k (X)Oe(x)) — u(X) @(x) = Q(X 3
Particle-based fluid simulation is a practical method for (1 () Dp(9) = 1 (x) @ ( }1_ QW) i ( )
the representation of fluids in real-time rendering Where k()= [3((1-9)os()+u(x))] “is a diffusion
applications. Miller and his colleagued!] introduced a  CO€fficient,g is an average cosine of scattering, dp)
real-time fluid simulation based on Smoothed Particle!S &N isotropic source function. ,
Hydrodynamics (SPH) to computer graphics community. Our subsqrface scattering simulation only supports
After this research many researches employed thdighly scattering, non-emissive, heterogeneous particle
SPH-based methods for the real-time and off-line fluid-Pased fluids. With equation3), we can remove the
simulations and brought enhancements and extension&otropic source function tem@(x) and the equation
Recently, nVIDIAs particle demo in 15 shows that defines the radiant flug(x) within fluids Q,
GPL}S can handle massive particles us[ng a GPU-based O (k (x) (X)) — 1 (X) @(x) = 0,x € Q. (4)
sorting library for constructing a partial hash table.
nVIDIA PhysX [16] is a scalable game physics engine
accelerated by multicore CPUs and GPUs for
multi-platform interactive applications. This engine als
provides real-time particle-based fluids. We obtain @(x) +2Ak (x) (U@ (x) -n(x)) = 1_Fer(X),X€ oQ
particle’s locations from PhysX in our implementation. (5)

On surfaced Q of fluids we use the diffusive source
boundary condition12] given by
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that it has the iso-surface of fluids as boundary. Cells

o Surface particl .
Hriace particie beneath the iso-surface are calldface cellsothers are

Inner particle calledinner cells Cells have theineighbor face®etween
""" Cell’s face neighbor cells as shown in Figuléb). The surface cells
— Iso-surface have onesurface facehat is boundary of the cell on the
iso-surface cells as shown in Figurg). We can evaluate
@ cells’ volumeV and faces’ are&from this structure.
° N i ‘,‘""‘ . \ N is !
% RS 4.2. Discretized Diffusion Equation
. L L. E We solve the diffusion equation by discretizing the
’ ‘ divergence operator]- and the gradient operatdr in
(b) © equation 4) using Finite Volume Methods3[24]. First

we derive an integration version of Equatiof) pver a

Figure 1. lllustration of Voronoi fluids and its cells with cell as scattering domain:

particle’s locations. Particle-centered volumes, called cells, fill : :

the inside of the fluid (a). Inner cells are made by a similar way / O (k (x) He(x))dv— / H(X) @(x)dv=0 (7)
to a Voronoi diagram (b), and Surface cells are located beneath oM oM

the iso-surface (c). whereV; is volume of the celk;. We integrate the first term

to get the volume average and can apply the divergence
theorem to equatiorvy, this yields following:

where q(x) = [,,Li (X, @) (N(X)-wi) Rk (w)dw is the ]{ _ YT N
diffused incoming light at surfac& Fq, is the diffuse SK(S)(D('D(S) n(s))ds—Vip (%) (%) =0,  (8)
Fresnel reflectance arf is the Fresnel transmittancé] [ ) _

A= (14+Fy)/(1—Fy) is a Fresnel boundary term and wheres is all faces of the cellandn(s) is a normal vector

n(X) is the surface normal at on the face. Equatior8] can be reformed by dividing the
The outgoing radiance on surface can be computedell’s volume,
with the query function as described ] : 1
v K900 n(s)ds- ux)px)=0. (@)
R (w) 1 4 iJs
Lo(X ) =—— {1+ 1 | @(X)— q(x)|,x€0Q _ _ _
amn A 1+Far In Equation ), the gradient of the radiant flux on faces
, . . is approximated with face’s area and difference between
wherew, is the outgoing direction from the surfage neighbors’ flux,

O(s)-n(s) ~ Sj(@(x) —@(%)) (10)

where§; is the face’s area, cellis the neighbor of ceil.

By substitution Equation1() into Equation 9), we
can get the final version of a discretized diffusion
equation as following:

4. Diffusion Equation Solver for
Particle-based Fluids

We solve the diffusion equation, the boundary condition
and the query function for the outgoing radiance in a
discrete volumetric domain. We use voxelized fluids 1 n

called Voronoi fluidswith non-uniform volumescells v 2 Si(k (X)) @(x)) =K (x) @ (%)) — K (%) @ (%) = 0.
which are similar with Voronoi diagram1p]. The L

cell-based structure as the discrete domain can be built . ) e L (11) )
with particles’ geometrical data. Each cglhas its own The discretized diffusion equation is performed in
optical properties, the diffusion coefficieri(x) and the  INN€r cells for computing its radiance. However, in

absorption coefficienti(x), and store the radiant fluence Surface cells, the diffusion with neighbor cells and the
@(x) after solving the diffusion equation. boundary condition with incoming light on the iso-surface

at a same time3. We compute the diffusive source
boundary condition as inserting a te@mto Equation 9)

4.1. Voronoi Fluids 1

v 9 — 1) ek)=0, (12)
In Figurel(a), we illustrate Voronoi fluids and cells made '
with particle’s radius and location from fluids. These wherel = ¢,k (s)(H@(s)-n(s))dsis a sum of diffused

looks similar to Voronoi diagram and Voronoi cells except flux through neighbor faces as equati@) é&nd it can be
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discretized in Equationl(l). Sis same a$ but through the

surface face: Particle Locations o
Smoothed Surface « [T e o » Incoming Light
(GLSL) 1% e (GLSL+CUDA)

S= ¢ k(9)(0e(s)-n(s)ds (13) 3
wheres; is the surface face of the surface delhcoming con
flux on the surface are evaluated with the diffusive source A
boundary condition (Equatiorp)) as following: Outgoing Radiance Diffusion Equation
#(x).q(x)
S— . i _ (X) + 4 _ (X) d (14) Scr‘e'en Space Lo(‘x’a)n)
o Jss 2A (p 1 — Fdr q S Fluids Rendering

(GLSL)

and its discretized version :
4 Figure 2: Overview of our subsurface scattering method. Gray
S— — [ ' 7 15 boxes are our proposed process, and white boxes are the fluids
2A ( 9(4)Ss+ 1—Fyr q(ss)> (15) rendering process based on the screen space fluids rendgring [

where Ss is the surface face's area amfss) is total
diffused incoming lights on the surface face of dell

We use the relaxation scheme as 1n2[10] to solve  equation (Equation 16, 17) with a few iterations. When
Equation (1) and Equation12) on the Voronoi fluids. We  the surface rendering time, we get the Fresnel
start by initializing the value of the flux at cells to zerodan transmittance K (x)) on surfacex from the rendering
iterate the following equations until reach a user definedprocess and compute the outgoing radiancgx(wo) in

number of iterations. Equation 6)) with an eye position.
Inner cells:
L A/spHRxpDek) o L .
@1 (X) = WK G0) - 106 IV W = 21/81 (16)  5.1. Building Voronoi Fluids

The Voronoi fluids look similar to the 3D \oronoi

Surface cells: diagrams, and a building process also similar to its.

n _ ) ] 4 s However, the building high quality 3D Voronoi diagrams
@i (%) = 27 (A/SPKG)RX) + - A(Ss) /2A (17) takes afew second2]]. Since we need only volumes of
Wik (%) + pH (%) IV + 2—,3 cells and areas of faces in the Voronoi fluids, we use a

simple method to compute those geometrical data for a
After the radiant fluxp(x;) at every cell is determined, real-time performance.
and we can compute the outgoing radiance with Equation  We, first, make a neighbor particle list on a particle to
(6). build the particle-centered cell's surround planes. We
collect particles located nearer than the threshold distan
from the particle using the CUDA-based hashing
5. Implementation technique 15. Then, we can get surrounding planes at
cell i defined with a middle point between a neighbor
We implemented our real-time scattering algorithm with particle’s location and the particlés location, and a
CUDA [7] and OpenGL Shader Language (GLSR]. normal vector pointing toward the neighbor. The
Our test system has Intel i7-2600K CPU and two GPUs,surrounding planes are used for computing cell’s volume
nVIDIA geForce GTX 680, geForce GTX 580. The and face’s area.
geForce GTX 580 is dedicated to a CUDA-based fluids We use a simple heuristic approach to build Voronoi
simulator and the geForce GTX 680 used for CUDA andfluids which start to make uniform samples within a
GLSL. Our subsurface scattering rendering stars aftebounding sphere of the cell (see Figie And then, we
fluids simulation. We use nVIDIAs PhysX1p] as a  do acut-off processwhich is cutting off samples if they
particle-based fluids simulator. After fluids simulation, are located outside of the surrounding planes. When we
particle’s locations are transferred to OpenGL's Vertexmake samples for neighbor faces, we use a 2D rectangle
Buffer Objects. on surrounding plane instead of the bounding sphere. The
Our real-time scattering system consists of thenumber of live simples represents actual volume or area.
following process (see Figui®. After obtaining particle  After computation of the face’s area, if the area is zero
locations from the fluids simulator, we build the Voronoi that face is removed from the list of the neighbor faces of
fluids and compute the diffused incoming lighi($)). the cell.
Cells’ volume V), faces’ area §; and Ss), and the Computation method the surface area on the surface
incoming light as input, and then, we solve the diffusion cells is similar to the cell's volume and face’s area case. We
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interactive applications like games. We run only essential
steps of this technique for real-time rendering. The
surface is illuminated based on BRDRZ with just
adding the outgoing radiance.

6. Results

We simulate milk-like fluids for testing our subsurface
scattering method. As seen in Figude (a), we can
generate visually feasible results using our rendering
technique in real-time with an outgoing radiance map
(Figure 5 bottom-right in (b)) and a BRDF rendered

Figure 3: lllustration of evaluation a volume of a cell (a) and the 'ma,ge (Flgure.5 bottom-left in (,b))' The 'c')u'tgomg

cut-off process (b). A cell has six neighbor particles (a), and six"@diance map is blurred for removing an artificial sharp

surround planes (black lines in (b)). The number of live samplesPoundary between cells.

(blue solid dots in (b)) represents the approximated volume ofthe ~ Figure 5 shows our subsurface scattering rendering

cell after the cut-off process with surround planes. The red circleresults of a milk demo and compares results with

in (b) represents a bounding sphere. subsurface scattering effects (Figusga)) and without
them (Figure5 (b)). The milk demo was performed at
about 24 FPS with 15,625 particles including the fluid
simulation. Tablel also shows the statistics of this demo

make samples on the surface on a particle-centered sphersgene. The building time of Voronoi fluidgrinding

and do the cutting off process. And, we count live samples

and can get an approximated area.

This approach is simple to implement with CUDA,  Number . . Volume ... .

. inding Diffusion . Ay,
but the performance is totally dependent on the number of = of 0 and process  Rendering  pp
initial samples. We use 64 samples for volume and Paticles area
surface area processes, and 36 samples for the face area

(@ (b)

g.

15,625 10ms 32ms 2ms 2ms 24
process.

31,250 11ms 64ms 2ms 2ms 13
5.2. Diffusion Scattering Process 46575 17ms o2ms pns -~ 0

The diffused incoming lightg(s) is evaluated with a
light-view d?pth map including particle IDs. We count Table 1: Computation time. The average FPS includes a fluid
how many pixels cover the surface cell from the map, andgjmyiation with 30 diffusion iterations.

translate the number to the incoming light. Using Voronoi
fluids V, S and the diffused incoming light(s), the
diffusion equation can be computed with the Equation N“glfber Screen VBO  FBO  CUDA Total

(16), .(17).. The Iigh_t-vi_ew depth map is made by GLSL, Particles  Resolution  (KB)  (KB) (KB)  (MB)
the diffusion equation is computed on CUDA.

After a few iterations, we can get the final radiant 1200x1024 1,464 110,400 24,671  133.3
fluence@(x;) on every cell. The fluxes are stored in VBO 15.625
of cells, and used as input of the outgoing radiance 200x600 1464 43125 24671 676

shader. This shader renders spheres at cell’s positions
with cell's flux encoded to its color, and computes the

. . : 1200x1024 2,929 110,400 49,085  158.6
outgoing radiance with surface normal from a smoothed

surface map. Finally, the outgoing radiance is stored as 31,250
texture for the final rendering step. 800x600 2,929 43,125 49,085 929
1200x1024 4,394 110,400 73,499  183.8
5.3. Rendering 46,875
800x600 4,394 43,125 73,499  118.1
We employ a screen space fluids rendering technique with
a blurred depth map using GPUg.[This technique is the
fastest and easy to implement, so it is suitable with Table2: Memory usage.
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(b) Without subsurface scattering

(b)

Figure 4: A final image of our rendering method (a), particle ) ) )
locations as blue points (top-left in (b)) and their spheres (top_FlgureS: Milk demo with 15,625 particles at 24 FPS. Sequences

right in (b), a shaded smoothed-depth map (bottom-left in (b))’w?th subsurface scattering effects (a) and same sequences
and an outgoing radiance map (bottom-right in (b)). without them (b).

neighborsand Volume and areaolumns in Tablel, is a
bottleneck, with about 90% of total computation of our
whole rendering process.

Our method uses various types of main memory,
Vertex Buffer Objects (VBO), Frame Buffer Objects Previous diffusion methods have been accelerated by
(FBO), and arrays for CUDAGUDA column in Table2). using various geometrical hierarchy structures. Most of
Since they are allocated on the GPU’s memory spacethem are built in pre-processing time, because of the
data of those memory types can be shared by the&ostly building time. These acceleration methods are not
CUDA-OpenGL interoperability. Tabla shows the VBO  suitable to real-time fluids system. We hope to find
and CUDA usage depend on the number of particles, anguitable techniques for our real-time system.

the FBO usage depends on the screen resolution. Our future works will include handling anisotropic

scattering phenomenon in real-time, which can make

translucent liquids more realistic. An anisotropic
7. Conclusion diffusion scattering rendering metho®3 still is a

challenging work in real-time rendering because of the
We have presented the real-time subsurface scatterinirge computing time. We also want to apply our
rendering technique for particle-based fluids with algorithm to mesh-based objects. We hope that if any
view-dependent diffusion approach. Our whole process ifluid simulator can fit into the objects with particles
computed with CUDA and GLSL on the GPU in properly, we can use our scattering rendering method with
real-time. Our method is suitable for real-time applicatio those objects easily.

like video games. Our whole scattering steps are run on
GPUs in real-time, so we can also apply our technique to
any interactive applications containing fluids effects.
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