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Abstract

This paper introduces an efficient real-time shading model to simulate light transport in translucent materials.
In this work no pre-processing step is needed, allowing us to deform translucent objects at interactive rates. The
proposed technique avoids the pre-processing of texture atlas and texture coordinates that may entail distortions
and self-occlusion errors. e create a cube map texture atlas on the GPU by a specific projection providing
accurate access to neighborhood information is accurate. The texture atlas is generated on-the-fly each time the
mesh geometry is modified, allowing us to deform the object geometry in real time keeping valid the subsurface

light transport computation.

Categories and Subject Descriptors (according to ACM CCS): 1.3.3 [Computer Graphics]: Rendering techniques

1. Introduction

Many common real objects that we encounter in our daily
life are neither opaque nor transparent: they are trand ucent,
presenting a certain light penetration inside the material,
while it does not permit us to see through it. Subsurface
scattering describes this phenomenon. When light strikes
a translucent material it penetrates the body, piercing the
surface. This light penetration brings to the material a
soft and a smooth appearance, hiding and blurring small
geometric details.

To handle light interaction with translucent materials,
Nicodemus [NRH*77] has proposed the Bidirectional Sub-
surface Reflectance Distribution Function (BSSRDF). The
BSSRDF proposed by Nicodemus is an expensive model
in terms of computing times. A ray of light entering the
material and then scatters around before leaving the surface
at adifferent location. Bidirectional Reflectance Distribution
Functions (BRDF) are a less genera formulation of the
BSSRDF and are not suitable for modeling light interaction
with translucent materials. BRDFs give the material arough
aspect, assuming that light enters and leaves the surface
a the same point. Fig. 8 shows a comparison between an
object rendered with subsurface scattering using our method
(left), and the same object neglecting the internal light
transport (right).

(© The Eurographics Association 2009.

DOI: 10.2312/LocalChapterEvents/TPCG/TPCG09/189-198

Many recent techniques have implemented subsur-
face scattering interactively on the GPU. Unfortunately,
they need to pre-compute adequate texture coordinates
parametrization capturing the translucent object geometry in
atexture atlas. In this texture atlas, each texel corresponds
to a unique location on the mesh. Obvioudly, the pre-
computations limit the possibility of deforming translucent
objects. To compute the BSSRDF, each mesh |ocation needs
to acquire its neighborhood information; Moreover, the
texture parametrization remains empirical and entails many
distortion and self-occlusion errors, decreasing the accuracy
of the subsurface transport computations.

Our method deals with most cases of distortions and
self-occlusions that may occur during projection. The
method we present in this paper proposes alternative and
accurate solutions to alow deformation of translucent
objects and to enhance the perception of translucency.
We depict an intuitive and a formal method for acquiring
neighborhood data. A cube map is generated on-the-fly
with a specific projection on the axis-aligned bounding box
containing the mesh. The projection allows a direct and
an intuitive access to the texel that corresponds to each
mesh location and its neighborhood. The projection and the
look-ups are implemented on the GPU to achieve real-time
rates. Moreover, it is possible the deform objects since no
pre-computing phase is needed.
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The remaining parts of the paper are organized asfollows.
We present previous work on translucent rendering in Sec-
tion 2. In Section 3 we introduce the translucent illumina-
tion model based on the BSSRDF model. Then, Section 4
presents our methods. In Section 5, we discuss the results
obtained and finally, Section 6 describes future work.

2. Previouswork

A wide range of methods and techniques have been pro-
posed for translucent rendering. Most researchers aspired
to obtain rea-time rates in solving the high-consuming
volume rendering equation for participating media. Many
solutions dealing with the participating media have been
proposed; finite element method [RT87, RT9Q] , path trac-
ing [HK 93, LW96] and photon mapping [Jen96, DEJ*99].
Hanrahan and Krueger [HK 93] have derived a BRDF model
for subsurface reflection that anaytically computes the
subsurface light transport for a homogeneous material.
They take into consideration the biological properties of
skin layers to achieve realistic rendering. This technique is
able to produce accurate subsurface effects, but is very time
consuming.

The diffusion equation is an alternative for subsurface
scattering calculation, which is a close approximation of
the volume rendering. Jensen et al. [JMLHO1] exposed
an approximation of Nicodemus's BSSRDF by introduc-
ing the dipole diffusion approximation that consists in
positioning two point sources near the surface respecting
the required boundary conditions. The dipole is a dif-
fusion simulation of the multiple scattering. Jensen and
Buhler [JB02] modify this method [JIMLHO1], to reduce
computing times by gathering the irradiance from external
light, then transferring these irradiances to the other sur-
face patches using a hierarchical integration. Unfortunately,
thistechnique does not appear to alow interactive rendering.

Haber et al. [HMBRO5] have proposed a numerical
solution of the diffusion equation. They succeeded using
an octree discretization and a multigrid solver to efficiently
and numerically compute the diffusion equation in complex
objects topology. Their method manipulates any concave or
convex geometry, but it is not suited to real-time, and may
show some artifacts on dense materials.

Many real-time methods have been proposed: the sub-
surface equation involves calculating matrix radiosity as
shown by Lensch et al. [LGB*02] where the formulation
of Jensen’s BSSRDF resembles a single radiosity gather-
ing step. Here, subsurface scattering is approximated by
filtering the incident illumination stored in a texture atlas.
Interactive rates have been reached by their method but the
use of the texture atlas induces many problems, such as

self-occlusions and distortions. It has been shown [CHHO3]
that Lensch et al. work can be completed by introducing a
hierarchical mesh atlas to perform the radiosity gathering
step. This method is half executed on the GPU, which
alows interactivity, but it does not support deformable
meshes because of a necessary pre-computation phase.

Mertens et al. [MKB*03] use a clustering hierar-
chy, which is re-built in rea-time to render deformable
translucent objects interactively. They aso propose a
local subsurface scattering algorithm that integrates the
samples in image space at interactive rates using hardware
acceleration. However, this hardware acceleration does not
concern their hierarchica radiosity clustering. The method
deals only with fixed mesh hierarchy, and fails to handle
adaptive or refinement meshing, where the irradiance is not
constant over atriangle.

A different approach has been presented in [SHHSO03].
In this approach the radiance transport and subsurface scat-
tering of each vertex are pre-computed and projected onto
a spherical harmonics basis, in order to relight the objects.
The main problem of this method is that it allows only
low-frequency lighting and geometrically static models.

Another interactive method is depicted in [HBVO03],
where Hao et al. implement a real-time rendering approach,
by pre-computing for each vertex light irradiance expressed
in a spherical harmonics basis. Irradiances are then ac-
cumulated from the nearest vertices. Their technique is
per-vertex, which may show artifacts and shading disconti-
nuities, especialy in low resolution meshes. Moreover, the
method is not suited to deformable meshes.

Wang et al. [WTLO5] proposed the first interactive
method capable of pre-computing subsurface light transport
of translucent materials lit under all-frequency lighting,
using complex environment maps. Their method needs
a pre-computing phase and fails to render deformable
translucent objects.

D’Eon et al. [dLEO7] present an efficient rendering algo-
rithm of human skin based on polynomia multiplications
and additions over Gaussians. Instead of performing the
irradiance convolution on texture space by means of image
filtering, the radiosity function is replaced by a sum of
Gaussians. This generates many images, and the convolu-
tion of irradiances is then approximated by summing the
generated images. The proposed Gaussians approximation
produces rea-time translucent rendering of human skin,
but their technique has many limitations, The Gaussians
approximation they propose is empirical; The method
requires a texture parametrization, which is not an intuitive
process. In our method, we do not need to pre-compute
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texture coordinates.

3. Theory

The BRDF is a simplification of the BSSRDF, for which
light enters and leaves the materials at the same location.
To compute the BSSRDF, we need to integrate irradiances
over al incident directions and for every location in the
neighbourhood. The size of the neighbourhood is discussed
in Sec. 5.

A formulation of the outgoing radiance at the point xo in
direction wo due to subsurface light transport is given by:

Lo(Xo.,wo):/A/QS(Xi,mi:Xo.,wo)Li(Xi,mi)(Ni-mi)dwidA(Xi)(l)

where L is the outgoing radiance at point xo in direction
o, Lj is the incident radiance at point x; in direction wj,
and finally Sis the BSSRDF. Integration is done over all
locations on the mesh in all the considered directions.

The dipole simplification brought by Jensen reduced the
BSSRDF from an 8 to a4 dimensions function, directionally
independent and related only to the outgoing and the incom-
ing surface positions:

Ldmmdziﬁmwdmm) 2

B(x) = [E(6)Re(xi%0)d(x) ©

Here, B(xo) istheradiosity at Xo due to the dipole source.
The function Ry is known as the subsurface diffuse re-
flectance, and encodes the geometric data of the object and
the physical and optical properties of its material.

E(x) :/QLi(xi,mi)ﬁ(n,wi)|Ni.wi|dwi @

E(x;) is the irradiance function, which gathers incoming
light striking a location x; scaled with /. R is the Fresnel
transmittance. Finaly, the definition of the function Ry is
depicted on Table 1.

The diffuse reflectance function Ry is the most costly
part of the translucency estimation since integration over all
surface points is very expensive. Many techniques take up
Jensen’s model and act toward obtaining interactive render-
ing results.

(© The Eurographics Association 2009.

Ro(x,%0) = b2 (0 +1) 57" + (08 + 1)
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S =[x —Xo||; withxr =% —z.N;
S/ = ||xv — Xo|; withxy = X — zv.N;
A= (L+Far)

(1—Far)

For = =7 + 270 + 0.668 + 0.06361

D =1/301, 6 = /30640,

’ ’ ’ G.
Gt = Oa+Os, O :ﬁ
t

0;: reduced scattering coefficient.
ca=absorption coefficient.
1 relative index of refraction.
F(n,®) = Fresnel transmittance factor.

Table 1: The dipole source BSSRDF model.

4. Real-timerendering of translucent objects

In order to compute the outgoing radiance of a mesh
location, we perform an accumulation of the irradiances of
neighboring locations, modul ated by the associated Ry. This
accumulation is performed as a per-texel filter kernel in
texture space. Our method needs no pre-computations, and
the irradiances are computed on-the-fly to allow dynamic
lighting and object deformation.

Two main subsurface scattering gathering philosophies
have influenced our work, the first one is depicted in Dachs-
bacher et al. [DS03] and concerns the globa scattering
where a pre-computed shadow map is used to store irradi-
ances at each mesh location, these data are then captured
in a render target texture. Their method is not suitable for
our requirements. Since, the pre-computation of the shadow
map does not allow us to deform the meshes. The second
philosophy is presented by Banterle et al. in [BC06]. Here
irradiance is projected onto a spherical harmonics basis,
using an external light cube map on which they project the
object geometry, then the outgoing radiance is evauated.
The method enables subsurface rendering of deformable ob-
jects, but the simplified approximation of the diffuse dipole
equation they propose fails to produce redlistic results. The
projection of the object geometry on cube map caught our
attention, and wetried to adopt it to compute local scattering.
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4.1. Irradiances computation

The translucent objects we consider areilluminated with sin-
gle point lights or environment lighting.

4.1.1. Irradiance computation from a single-point light
source

The irradiances are computed at run-time, in a pixel shader,
to dlow dynamic lighting. To compute the irradiance of a
mesh location, we need its position and normal data. The
computed irradiances are stored in textures.

4.1.2. Irradiance from environment maps

To compute the irradiance at each mesh location (Eq. 4),
we need to integrate over all incoming directions. E(x;)
is approximated in terms of spherical harmonics coeffi-
cients [Gre03]. The spherical harmonics projection reduces
the integral to a simple dot product of a small number
of spherical harmonics coefficients. For that, we project
Li (%, ®i), R(m, ®i) and G = |N;.j| onto the spherical har-
monics basis Y,"(6;, ¢i ).

The spherical harmonics basisY|" is given by :

(2 +1)(1 — m)!

4l +m)! P"(cost )™ (5)

Y61, 01) =

The total irradiance is computed as the dot product of
the obtained coefficients. The Y™ (), the L (x;, ;) and the
F(n, i) do not depend on the geometry (normals). Their
m spherical harmonics components can be estimated in an
offline step and stored in textures.

To project the incoming radiance L;(x;, ;) (Eq. 6) stored
in the environment map we perform a summation of each
incoming radiance multiplied by Y,™(wj) and the solid angle
A(wj) occupied by the pixel on the unit sphere around the
center of the cube.

Lim= Z 2 2 L face(i, j)YIm(mi)A(‘Di) (6)

facei=1j=1

The Fresnel transmittance term is projected using the fol-
lowing equation.

Am= |, [ R.(0.007(®;0))sm0c0d0 (7

The cosine term function depends on the geometry
and should idedlly be projected on-the-fly. Estimating the
spherical harmonics coefficients of the cosine term on the
GPU is possible, but is time-consuming. We can notice

that the same norma aways returns the same spherical
harmonics coefficients values of G. We propose to compute
these values for any normal in an offline process, and store
the resultsin m 3D textures, indexed by the surface normal.

The computation of irradiance at a mesh location is per-
formed with a dot product of the m light, Fresnel transmit-
tance and the SH basis function coefficients (See Eq. 8). The
dot product is performed in a pixel shader, which have to
look up for coefficients in the different textures.

E(x) = ZGI,mFI,mLI,mYIm (8)

I,m

4.2. Projection and texture lookups

The pre-computation of the texture atlas involves many
drawbacks. The projection of the mesh on asingle plane may
introduce some distortions and self-occlusions problems.
Moreover, the pre-definition of the texture coordinates does
not allow object deformation in real-time. The algorithm we
present reduces significantly distortion and self-occlusion
problems, and removes the need to pre-calculate texture
coordinates.

e

Figure 1: Projection on cube map.

The mesh is projected orthogonally on each cube map
face of the axis-aligned bounding box that encloses its
geometry (see Fig. 1). For both types of illumination, the
irradiances are rasterized into textures on which we project
the object. The pixel shader that computes irradiances
renders the mesh to the cube map. Six cameras looking at
each face of the cube map are used to store the cube map
in textures. These textures can later be sent to the a second
pixel shader using render targets.

The localization of each fragment on the selected face tex-
ture is then intuitive. It is smply the texel that corresponds
to the perpendicular projection of the mesh location on the
considered face. Thus, the texture coordinates are defined
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on-the-fly and in aformal way.

A second pixel shader is used to perform irradiances
accumulation and the outgoing radiance calculation. This
pixel shader is fed with the six faces of the cube map
(irradiances cube map). To achieve the accumulation step,
we need to look for neighborhood data of each point to
render in the cube map: The normal of the fragment to
render defines a plane tangent to the mesh surface at this
fragment Fig. 2. The tangent plane divides the 3D space
into two half-spaces. We assume that the face storing this
fragment (selected face) and its neighborhood data is one of
the faces (chosen faces) having at least one vertex belonging
to the upper haf-space. Scalar products are performed of
the fragment normal and the normals of each chosen face.
The face with the greatest scalar product is selected. As
the scalar product increases in magnitude, the projection
becomes more faithful.

Figure 2: The tangent plane defines two half-spaces. Only
thefaces 1,2,4,6 arein interaction with the upper half-space,
and are chosen.

4.3. Local scattering

To compute the local outgoing radiance of a mesh location,
we need to accumulate the contributions of irradiances
a neighboring locations (Eq. 3). This accumulation is
performed as a per-texel filter kernel in the immediate
neighborhood for each texel of the selected face.

The projection on the cube map may induce some self-
occlusions and distortions problems. We propose to deal
with these problems in the two following subsections.

4.3.1. Self-occlusions

The chosen faces are sorted according to the associated
scalar products, from the greatest to the smallest, as shown
in Fig. 3. Self-occlusions happen when a mesh location

(© The Eurographics Association 2009.

is not visible on the selected face. Fig. 4 illustrates this
case. When we are to render the location M, we look for its
irradiance on the selected face in C location, but the location
C occludes M.

During the creation of theirradiances cube map, the scalar
product of the normal and the position of each fragment is
stored in the alpha component of its corresponding texel in
the cube map. The self-occlusion is detected by performing
atest comparing the scalar product of the real 3D position
and the norma of the point in the mesh, and the eventua
scalar product stored in the a pha component of the selected
face. If the test fails, the next face likely to contain the mesh
location and its neighborhood data, is the face with the next
greatest associated scalar product; The process is iteratively
repeated until the true face is selected.

Because of some kind of concavities, a point may not be
visible on any face of the bounding cube. In this case, we
assume that itslocal contribution is negligible, since it does
receive any irradiance. It's important to note that these hid-
den locations provide a global scattering contribution and is
performed efficieltly as explained in Sec. 4.4.

4.3.2. Distortions

The cube map projection we propose in this paper reduces
significally distortions since the geometry is projected on
six different planes. Moreover, the selected face shows the
weakest inclination with the projected surface, therefore the
projection is more faithful.

However, if the selected face has a small scalar product,
far texels may be brought close due to the inclined projec-
tion. In [JB02] authors showed that the maximum distance
aphoton travels into a material, is the mean-free path given
by g = 1/0{. The mean free path corresponds to the radius
of the kernel filtering. We propose to use an adaptive kernel
filtering size. Instead of using afixed kernel size (maximum
kernel size) kmax = lg, the adaptive kernel size is obtained
by multiplying the mean free path by the scalar product
associated with the selected face k = sp.l4. Here, the kernel
sizeis corrected by the associated scalar product sp.

4.4. Global scattering

The points located on opposite surfaces of thin regions
may be projected on many distinct faces, and will be far in
texture space. The contribution of near points located on the
other side of athin area must be included. Fig. 5 shows that
case. The contribution of the global response is lower than
the local response, but neglecting it as in [MKB*03] gives
the object a bad realism and inhibits the perception of depth,
essentialy for high translucent materials. We propose a fast
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Figure 3: Faces sorting, ©1 (O (O3 (04 .

Figure 4: The M location is projected on the upper and the
left face. Only the upper faceis selected.

approximation of the global scattering. The approximation
we performed needs no convolution process.

The dipole approximation introduced in [JMLHO1] re-
placed the true source with two different sources, the real
light source and the other, the virtual source near the surface
on the contributing locations; In our method, we modify the
diffuse reflectance Ry due to dipole source by considering
the real source as the true source, and cancelling the virtual
source effect. The global diffuse reflectance Ry is then:

’

—0S,
Ryls.X) = 1 [26(0Ss+1)°

853

] ©)

With xs the source position. To estimate the radiosity B(x)
asimple product between the irradiance E(x) at x and Ry is
done:

B(x) = E(X)Ry(Xs; %) (10)

This modification allows every surface location, even the
buried locations to receive their global scattering response.

A A B B'

Figure5: Near locations projecting on far texture positions.
Thedistanced issmall enough (lessthan the mean free path)
to consider the points A and B as far locations. Here, our
global scattering algorithm corrects the subsurface estima-
tion.

To obtain the fina rendering, a simple addition is then
performed of the global and the local terms, see Fig.9.

4.5. Deformability

The pre-processing of texture atlases presents a drawback
for real-time rendering of translucent deformable objects. In
our method, the cube map projection has been implemented
on the GPU, and permits detection of every mesh location
displacement at run time. The irradiances are stored in
render to target textures, which are updated at each frame.
For each vertex displacement, the new values of irradiances
are re-computed and stored in cube maps. Once the render
irradiances cube map is created, it is sent to the second
fragment shader that performs the irradiances accumulation
to evauate the outgoing radiance on-the-fly. For deformable
models, this computation has to be performed at each frame.

To test our methods, we haveimplemented amorphing be-
tween amesh model and its bounding sphere. Our algorithm
keeps correct the subsurface transport computation whilethe
object geometry isaltered. InFig. 10, ahigh transucent bud-
dhaobject, lit from behind with a single-point light sourceis
deformed, we notice that thin areas always|ook morelit than
the thick regions. We also tested our method on low translu-
cent material such as porcelain. Thisis done by introducing
the scattering and absorption factors corresponding to that
material. On Fig. 11, we show 3 frames of a morphing se-
quence of a porcelain object, illuminated by an environment
map.

5. Implementation and results

The methods we proposed can be summarized as shown in
the following pseudocode:
Compute irradiances:

Send pre-computed spherical harmonics components

(© The Eurographics Association 2009.
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to thefirst pixel shader
Performirradiances
Render irradiances in cube map

For each mesh location do
Send the irradiances cube map to the second pixel
shader
Local scattering:
The normal defines 2 half-spaces
Choose faces that may contain the mesh location
Sort the chosen faces according to the Scalar Products
For the greatest SP to the smalest SP
If the mesh location is present on the face
The chosen face is selected
Break
End If
End For
Compute the optimal kernel filtering size
Retrieve irradiance
Performirradiances filtering
Compute the local scattering
Global scattering:
Compute global scattering

Final rendering:
The mesh location color = local scattering + global
scattering
Render mesh in 3D
End For

The algorithm is executed every frame, whether the
geometry isbeing modified or not.

Our method is very parameterizable. We can change

optical parameters such as scattering and absorption coeffi-
cients, corresponding to different materias.
Since irradiances are captured at run-time, lighting and
mesh geometry can be changed interactively. The validity
and quality of our technique can be examined on the various
figures below.

Depending on the considered neighborhood size, i.e.
the maximum kernel filtering size, the frame rate is more
or less important. Here, we want to find the ideal kernel
size (without the product scalar correction) to apply. We
noticed that a maximum 5x5 kernel is visualy correct.
Image analysis of translucent objects images has been used
to validate perception of translucency. As noted in [FJHO04]
the more the object is translucent, the less the contrast
in its image is emphasized, involving a uniformity in the
intensity distribution. When the object is atered from
trandlucent to opaque, its histogram changes shape, from
uniformly distributed to a skewed shape. Fig. 6 presents a
translucent object with different maximum kernel sizes, and
the corresponding histogram, we notice that the intensities
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distribution tends to remain the same, from the 5x5 kernel.

Figure6: Fromup to down, atranslucent object using a 3x3,
4x4, 5x5, 6x6 kernel size. The two last images have the same
intensity distribution.

Our agorithm deds efficiently with high translucent
material, where globa scattering contribution is more
important than the local one such as wax. Fig. 7 shows a
wax candle lit by its flame (single-point light source). Wax
tends to scatter light in different directions, producing a
light-saturated material .

Figure 7: Red wax candle

Table 2 shows the performance of our implementation of
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the subsurface algorithm. The timings were collected on an
AMD Athlon 64 X2 Dua Core with 2.2 GHZ and NVidia
GeForce 7900 GTX graphics card and confirm the interac-
tive aspect of our method. The high resolution buddha mesh
is rendered at 22 fps while it is deformed, even if the rate
is somewhat low, the fluidity of rendering is ensured as is
shown in our animations.

Model Triangles FPSwith FPS without
deformation  deformation
Hand 7700 72 120
NVidiaDemon 48174 49 81
Bunny 72223 43 71
neptune 227220 25 41
Buddha 381500 22 28

Table2: Thistableliststhe frames per second, the number of
triangles for each modelswe tested with our implementation,
on deformable and non deformable meshes.

6. Discussion and futurework

We have presented an efficient and real-time method to
accurately render deforming translucent materials based
on the dipole approximation. The rendering is interactive,
under dynamic viewing and illumination conditions. At
run time, our method is able to keep correct translucency
information, while the geometry is changed. It is aso
possible to change scattering and absorption coefficients
at run time, which can be useful for the user to tune those
parameters until he reaches the desired material aspect.

No pre-processing step is needed, which allows an access
to a large range of translucent rendering applications, and
accelerates by the way, the execution of the implemented
algorithms without caring about memory storage.

The solution we brought may fail to gather the neigh-
borhood information for some topologies. Some interna
visibility problems caused by concavities and voids are
the important drawback of the dipole approximation. This
problem is noticed on topologies containing holes inside
the mesh, even if our algorithms can't compute local
scattering of the locations present at those hidden parts of
meshes, the global scattering estimates a part of their radi-
ance. Moreover, for hidden parts, local scattering response
tendsto zero, because they are not visible from light sources.

In the future, we wish to improve our translucent render-
ing engine by solving numerically in a3D grid the diffusion
equation without caring about the visibility problems.
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Figure8: At theleft, a translucent mesh is rendered using ca = (2.58,2.54,1.6) and c/s = (0.00162,0.00053,0.00024). At the
right, a non translucent object isrendered using G; = (0.0,0.0,0.0)

-

Figure 9: The image at left shows an object with local scattering, the thickness of demon’s horn does not look realistic. By
adding the global term shown in the central image, the right image exhibits more correct rendering.

— r——

Figure 11: A morphing of a porcelain object illuminated by an environment map.
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