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Abstract

We capitalize on recent advances in modern programmable graphics hardware, originally designed to
support advanced local illumination models for shading, to instead perform two different kinds of global
illumination models for light transport. We first use the new floating-point texture map formats to find
matrix radiosity solutions for light transport in a diffuse environment, and use this example to in-
vestigate the differences between GPU and CPU performance on matriz operations. We then examine
multiple-scattering subsurface light transport, which can be modeled to resemble a single radiosity gath-
ering step. We use a multiresolution meshed atlas to organize a hierarchy of precomputed subsurface
links, and devise a three-pass GPU algorithm to render in real time the subsurface-scattered illumina-

tion of an object, with dynamic lighting and viewing.

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

Scattering

1. Introduction

The programmable shading units of graphics proces-
sors designed for z-buffered textured triangle rasteriza-
tion have transformed the GPU into general purpose
streaming processors, capable of performing a wider
variety of graphics, scientific and general purpose pro-
cessing.

A key challenge in the generalization of the GPU to
non-rasterization applications is the mapping of well-
known algorithms to the streaming execution model
and limited resources of the GPU. Some popular
graphics and scientific algorithms and data structures,
such as ray tracing 19- 3 as well as preconditioned con-
jugate gradient and multigrid solvers 2, have neverthe-
less been implemented on, or at least accelerated by,
the GPU. This paper expands the horizon of photore-
alistic rendering algorithms that the GPU can accel-
erate to include matrix radiosity and subsurface scat-
tering, and describes how the techniques could even-
tually lead to a GPU implementation of hierarchical
radiosity.

© The Eurographics Association 2003.

51

Matrix radiosity is a classic technique for simulat-
ing light transport in diffuse scenes 7. It is capable
of synthesizing and depicting the lighting, soft shad-
owing and color bleeding found in scenes of diffuse
materials. Our mapping of radiosity to the GPU uses
the floating-point texture format to hold the radios-
ity matrix, but also pays attention to cache coherence
and the order of computation to efficiently perform
a Jacobi iteration which gathers radiosities as it iter-
ates toward a solution. Given precomputed form fac-
tors, we are thus able to both compute and display
a radiosity solution entirely on the GPU. While the
geometry is fixed, the emittance is not, and our GPU
algorithm can support dynamic relighting as well as
dynamic alteration of patch reflectances.

Lensch et al.'® shows how the BSSRDF formulation
of subsurface (multiple diffuse) scattering!? resembles
a single radiosity gathering step. Light transport in
the object interior is computed by gathering, for each
patch, the diffused image of the Fresnel transmitted
irradiances from the other patches. The BSSRDF can
be integrated to form a throughput factor'> that re-
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sembles a form factor. We use this similarity to bridge
our GPU implementation of matrix radiosity into a
GPU implementation of subsurface scattering.

Subsurface scattering can be computed more effi-
ciently through a multiresolution approach. Whereas
others have used an octree representation!?,
have opted for a MIP-mappable texture atlas
representation? of surface radiosities. This represen-
tation allows the BSSRDF to be integrated over the
surface of an object by applying a fragment program to
the appropriate level of the MIP-mapped atlas. This
results in a GPU implementation of multiresolution
subsurface multiple diffuse scattering that runs in real
time (61Hz) on a mesh with 7K faces.

we

2. Previous Work
2.1. Radiosity

Early radiosity techniques beginning with Goral et al.”
required computationally intensive solutions, which
led to numerous acceleration strategies including
shooting® and overrelaxation. Though form factor
computation is generally considered the bottleneck of
radiosity techniques, hardware accelerated methods
such as the hemicube® have been available for a long
time, though recent improvements exist!7.

Graphics researchers have looked to hardware ac-
celeration of radiosity long before commodity graph-
ics processors became programmable!. For example,
Keller'* used hardware-accelerated OpenGL to accel-
erate radiosity computations. He performed a quasi-
Monte Carlo particle simulation for light transport on
the CPU. He then placed OpenGL point light sources
at the particle positions, setting their power to the ra-
diosity represented by the particle’s power along the
random walk path. He then used OpenGL to render
the direct illumination due to these particles, integrat-
ing their contribution with an accumulation buffer.

Martin et al.'® computed a coarse-level hierarchi-
cal radiosity solution on the CPU, and used graphics
hardware to refine the solution by texture mapping
the residual.

In each of these cases, graphics hardware is used to
accelerate elements of the radiosity solution, but the
bulk of the processing occurs on the CPU. Our goal
is to port the bulk of the radiosity solution process to
the GPU, using the CPU for preprocessing.

2.2. Subsurface Scattering

Hanrahan and Krueger® showed subsurface scatter-
ing to be an important phenomena when rendering
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translucent surfaces, and used a path tracing simu-
lation to render skin and leaves. Pharr et al.l® ex-
tended these techniques into a general Monte-Carlo
ray tracing framework. Jensen and Buhler!? used a
dipole and diffusion to approximate multiple scatter-
ing. These methods made clear the importance of sub-
surface scattering to the graphics community, and led
some to consider additional approximations and accel-
erations.

Jensen et al.l?2 accelerates subsurface scattering
using a hierarchical approach consisting of several
passes. Their first pass finds surface irradiances from
external light whereas the second pass transfers these
irradiances to the other surface patches. Their hierar-
chical approach uses an octree to volumetrically rep-
resent the scattered irradiances in the interior of the
translucent substance.

Hao et al.1l approximated subsurface scattering us-
ing only local illumination, by bleeding illumination
from neighboring vertices to approximate local back
scattering. They precompute a scattering term for
source lighting expressed in a piecewise linear basis.
They reconstructed scattering per-vertex from direc-
tional light by linearly interpolating these terms com-
puted from the nearest surrounding samples. Their
technique was implemented on the CPU but achieved
real-time rendering speeds.

Sloan et al.?! uses a similar precomputation strat-
egy, though using a spherical harmonic basis for
source lighting. They precomputed per-vertex a trans-
fer matrix of spherical harmonic coefficients from
environment-mapped incoming radiance to per-vertex
exit radiance that includes the effects of intra-object
shadowing and interreflection in addition to subsur-
face scattering. They were able to compress these large
transfer matrices in order to implement the evaluation
of precomputed radiance transfer entirely on the GPU
to achieve real-time frame rates.

Lensch et al.'> approximated back scattering by fil-
tering the incident illumination stored in a texture at-
las. The shape of these kernels is surface dependent
and precomputed before lighting is applied. They also
approximated forward scattering by precomputing a
vertex-to-vertex throughput factor, which resembles a
form factor. Forward scattering is rendered by per-
forming a step similar to radiosity gathering, by col-
lecting for a given vertex the irradiance from the other
vertices scaled by the throughput factor.

While Lensch et al.'® benefited from some hardware
acceleration, for example using a vertex shader to ac-
cumulate external irradiances, the application of the
vertex-to-vertex throughput factors to estimate for-
ward scattering, and the atlas kernel filtering to esti-
mate backward scattering is performed on the CPU
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(actually a pair of CPUs). They expressed a desire to
explore full GPU implementations of these techniques,
and our GPU implementation of subsurface scattering
is an extension of their technique. But as we have dis-
covered and documented in this paper, their technique
requires novel extensions to be efficiently implemented
given the limited resources of a modern GPU.

2.3. Texture Atlas Generation

A texture atlas is a one-to-one mapping from an object
surface into a 2-D texture map image. Texture atlases
arise from a parameterization of an object surface, and
provide a mechanism for navigating complex surfaces
by navigating its charts in a flat texture space. The
texture atlas also provides method for applying the
pixel shader processors of a GPU to a sampling of
an entire object surface (instead of just the visible
portions of the surface).

Following Carr and Hart*, we use a multiresolution
meshed atlas (MMA) to distribute available texture
samples evenly across the entire object surface. Un-
like more common atlases, the MMA is discrete, pack-
ing each triangle individually into the texture map,
independently from its neighbors. Seam artifacts that
can occur when a triangle’s sample is inadvertently
drawn from a neighboring texel in the texture map
are avoided by carefully matching the rules of rasteri-
zation with the rules of texture sampling. A half-pixel
gutter surrounds each texture map triangle to support
bilinear texture interpolation to avoid magnification
aliasing.

The MMA is based on a binary face clustering where
each node in a binary tree represents a simply con-
nected cluster of mesh triangles. The two children of
a node represent a disjoint partitioning of the parent
cluster into two simply connected (neighboring) sub-
sets. Leaf nodes correspond to individual surface mesh
triangles. Hence the binary tree contains exactly 27 —1
nodes, where T is the number of triangles in our mesh.

The MMA creates a correspondence between each
triangle cluster corresponding to a node in the binary
tree with a rectangular (either 2:1 or square) region
of the texture map. Hence the face cluster hierar-
chy is packed as a quadtree hierarchy in the texture
map. This organization allows the texture map to be
MIP-mapped such that a each texel value (color) in
a lower-resolution level of the MIP-map corresponds
to an average cluster value (color) in the mesh. Other
MIP-mappable atlas methods exist29, but the MMA
more completely utilizes available texture samples.
This MIP-map allows the MMA to reduce minifica-
tion aliasing, as well as providing a data structure to
store and quickly recall precomputed sums or averages
over mesh regions.

© The Eurographics Association 2003.
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Figure 1: A multiresolution meshed atlas of a cow.
Each node in the binary tree (a) corresponds to a clus-
ter of triangles in the model (b) and a rectangular re-
gion in the texture domain (c). Each cluster/region is
the union of its corresponding node’s children’s clus-
ter/region.

3. Matrix Radiosity

The recent support for floating point texture for-
mats provides an obvious application to matrix prob-
lems. Matrix radiosity” expresses the illumination of
a closed diffuse environment as a linear system

N
B; = E; + p;i Z F;;B;

j=1

(1)

where B is a column vector of N radiosities, F are the
emittances, p are the diffuse reflectivities and Fj; is
the form factor. This system is solved in Az = b form
as

MB=E (2)

where M is a matrix formed by the reflectivities and
form factors.

A variety of techniques have been used to solve
(2) in computer graphics, including standard numer-
ical techniques such as Jacobi and Gauss-Seidel iter-
ation. Gauss-Seidel is typically preferred because it
requires less space and converges about twice as fast
as Jacobi. However, Gauss-Seidel is inherently serial,
whereas Jacobi iteration offers significant parallelism,
and hence takes better advantage of the streaming na-
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ture of GPU architectures. The typical Jacobi itera-
tion formula is

BV =B - (3)

To avoid the conditional execution caused by the
j # i condition (which cannot be done efficiently with
current fragment processing architectures), we do the
full matrix-vector product:

B¥Y = B® L B _ diag(M)"'MB™ . (4)

The matrix diag(M)™' is the inverse of the matrix
containing only the diagonal elements of M. (For con-
stant elements, as are typically used, diag(M) = I,
and the denominator also drops out of (3).)

We used one texel per matrix element. The radios-
ity system is computed per wavelength of light, so
an RGB texture can simultaneously represent a red,
green, and blue matrix. When solving a single-channel
luminance (as opposed to RGB) matrix system, one
can pack the vectors and matrices into all four color
channels, such that four elements of a vector (or four
columns of one row of a row-major matrix) can be
accessed in a single texture lookup. We have found
this organization works best for matrix-vector prod-
ucts, whereas a block-channel packing (where e.g. the
upper-left submatrix is stored in a texture’s red chan-
nel) works better for single-channel matrix-matrix
products8®.

Each pass operates on a block of the matrix-vector
product, where the block size is dictated by the num-
ber of pixel shader instructions available per pass.
For example, our GeForce FX implementation uses
a block size of 254 elements, since each four-element
texel requires four instructions (two texture fetches,
a multiply-add, and an update to the texture coordi-
nates), and the GeForce FX pixel shader supports a
maximum of 1024 instructions (there are a few instruc-
tions of overhead for each pass). Thus for an N-patch
radiosity solution, each Jacobi iteration takes [IN/254]
passes.

3.1. Results

We tested the solver on a simple Cornell box with-
out any occluders, since form factor complexity should
not significantly affect solution time. Figure 2 demon-
strates the solution, which was solved and displayed
(without interpolation) entirely on the graphics card,
using precomputed form factors. The vector E and
the matrix M were formed by a CPU preprocess, and
loaded as a 1-D and 2-D texture, respectively. A pixel
shader performed the Jacobi iteration to solve for the
unknown radiosities B which were also stored as a 1-D
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texture. The iterations can be observed by displaying
the scene using texture coordinates based on the 1-D
radiosity texture, though a 1-D texture prevents bilin-
ear interpolation of the displayed radiosities.

Figure 2: A simple radiosity scene solved and dis-
played completely on the GPU.

In order to smoothly interpolate the displayed ra-
diosities, the 1-D radiosity texture B would need to be
resampled into a 2-D displayed radiosity texture. An
easy way to perform this resampling is to create an
atlas of the scene, such as the meshed atlas described
in Section 2.3, and render the texture image of the
atlas using 1-D texture coordinates corresponding to
each vertex’s index in the radiosity vector.

As Figure 3 shows, our GPU Jacobi radiosity im-
plementation takes about twice as many iterations
to converge as does a Gauss-Seidel solution on the
CPU. Moreover, each Jacobi iteration of our GPU
solver (29.7 iterations/sec. on a NVIDIA GeForce FX
5900 Ultra) takes longer to run than a Gauss-Seidel
iteration on the CPU (40 iterations/sec. on an AMD
Athlon 28004). This corresponds to 141 MFLOPS/s
and 190 MFLOPS/s for the GPU and CPU, respec-
tively (the floating point operations for indexing on
the GPU are not included in this number).

We found, however, that the CPU implementation
is limited by memory bandwidth, while the GPU im-
plementation is only using a fraction (perhaps as lit-
tle as 10%) of its available bandwidth. This difference
can be observed by comparing the super-linear CPU
curve to the linear GPU curve in Figure 4. We believe
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Figure 3: Gauss-Seidel converges faster than Jacobi
iteration. Error is measured as the mean squared error
of the residual MB — E.
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Figure 4: Though the CPU currently outperforms
the GPU on this matrixz radiosity example, the CPU
is memory bandwidth bound and its performance de-
grades on larger matrices, whereas the GPU is com-
pute bound and its performance scales linearly.

the GPU curve overtakes the CPU curve for matri-
ces larger than 2000 elements, but we were limited
by a maximum single texture resolution of 2048. As
computation speeds have historically increased faster
than memory bandwidth, we also expect the GPU will
readily outperform the CPU in the near future.

4. Subsurface Scattering

We base our subsurface scattering scheme on the
method derived by Jensen et al.13. The standard ren-
dering equation using a BRDF approximation has
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been used for many years to model light transport
and the reflectance of surfaces. However, the BRDF
formulation assumes that light entering a material at
a point also leaves the material at the same point. For
many real-world surface this approximation is suffi-
cient, but for numerous translucent materials (skin,
milk, marble, etc..), much of their appearance comes
from internal scattering of light. To account for sub-
surface scattering, the BRDF is replaced with a more
general model known as the BSSRDF (bidirectional
surface scattering reflectance distribution function).
The amount of radiance leaving a point x, due to sub-
surface scattering can be expressed as

Lo(z0,d0) =
-fA fﬂ S(.’EZ,QZ, Lo, zD’o)Li(xi, E)’Z)(ﬁl . u_)'z)du_)'sz(xl)

(5)

Integration is performed over the surface A at points

x; and all incident light directions. The term S is the

BSSRDF, which relates the amount of outgoing radi-

ance at point x, in direction &,, given that there is

incoming radiance at some other surface point z; in

direction @,.

Jensen et. al. noted that single scattering for many
common materials only accounts for a small percent-
age of the outgoing radiance of a materiall?. Also,
light tends to become heavily scattered when it en-
ters materials, removing the relationship between in-
cident and exitant light directions. This simplifies the
BSSRDF to a four dimensional function R4 known
as the diffuse BSSRDF. Reformulating the subsurface
scattering equation (5) to only account for subsurface
scattering we have

Lo(os@0) = TFil,3)B(z) (6)
B(zo) = /»es E(x;)Ra(xs, xo)dA(x;) (7)

where Rq(zi, o) is the diffuse subsurface scattering
reflectance. It encodes geometric information and also
the volumetric material properties anywhere in the ob-
ject dealing with light transport from z; to x,. For
Ry we use the dipole approximation model detailed
by Jensen et. al. 12, and also used in Lensch 15. Also
found in Jensen et. al. are the scattering and absorp-
tion coefficients: o7, o, for common materials that are
used in this model. For brevity we have omitted the
details here.

Lensch et. al. noted this strong similarity between
the radiosity formula and the formula in (8). This
equation may be solved by discretizing the scene into
patches.
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4.1. Real-Time Subsurface Approximation
Algorithm

We start by discretizing our object into a collection of
N patches where P; and P; are patches on the surface
S. We can reformulate (8) into its discretized form as
follows:

:ZFE (9)

which resembles a single transport step of radiosity
transport (1). The multiple diffuse scattering through-
put factor Fj; is expressed as:

1
Fi; = */ / Ra(zj,z;)dx;dz;. (10)
Ai z, €EP; Jx;EP;

For a static model, we can precompute the F;; fac-
tors between all pairs of patches. Using (9), the ra-
diosity due to diffuse multiple scattering now reduces
to a simple inner product for each patch resulting in
O(N?) operations to compute the incident scattered
irradiance for all patches.

A simple way to reduce the number of interactions
is to turn to a clustering strategy like that used to
solve the N-body problem and hierarchical radiosity!©.
This is particularly applicable to subsurface scattering
since the amount of scattered radiance drops rapidly
as it travels further through the media. This implies
that patches that are far away from the patch whose
scattered radiosity we are computing may be clustered
together and be replaced by a single term to approxi-
mate the interaction.

4.2. A Three Pass GPU Method

We now formalize a solution the diffuse subsurface
scattering equation (9) as a three pass GPU scheme
(as shown in Fig. 5) preceded by a pre-computation
phase. By assuming that our geometry is not deform-
ing we are able to precompute all of our throughput
factors F;; between interacting surfaces.

Our first pass to the GPU computes the amount
of light incident on every patch of our model, and
scales this by the Fresnel term, storing the radiosity
that each patch emits internal to the object. This map
forms our radiosity map.

Our second pass acts as a gathering phase evaluat-
ing equation (9). For every patch/texel the transmit-
ted radiosity is gathered and scaled by the precom-
puted throughput factors and stored into a scattered
irradiance map.
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Figure 5: Three passes for rendering subsurface scat-
tering on the GPU.

In our third and final pass we render our geom-
etry to the screen using the standard OpenGL light-
ing model. The contribution from subsurface scattered
light is added in by applying the scattered irradiance
texture map to the surface of the object scaled by the
Fresnel term.

Pass 1 Pass 2

Pass 3

Figure 6: Pass one plots triangles using their tez-
ture coordinates (left), interpolating vertex colors set
to their direct illumination scaled by a Fresnel trans-
mission term. Pass two transfers these radiances (cen-
ter) via precomputed scattering links implemented as
dependent texture lookups into a MIP-map of the pre-
vious pass result (left). Pass three scales the resulting
radiances by a Fresnel transmission factor and texture
maps the result onto the original model.

4.2.1. Pre-computation Phase

We start by forming a hierarchical disjoint face clus-
tering and texture atlas parameterization of our mesh
with a method previously developed for real-time pro-
cedural solid texturing?. Every texel in our texture at-
las corresponds to a patch on the surface of our model.
This parameterization method is ideal for a GPU solu-
tion to the subsurface scattering problem for a number
of reasons. First, it provides a natural face cluster hier-
archy necessary for a hierarchical approach. Secondly,
it works directly with the GPU rasterization rules al-
lowing the GPU to perform surface computation in
a seam-free manner. Thirdly, it is MIP-mappable, al-
lowing the GPU to compute fast average and sums
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over the surface hierarchy. Lastly, by using a param-
eterization scheme as a domain to store and compute
our surface samples, the number of surface samples
is independent of both the tessellation of our geome-
try, and the resolution of the screen we are rendering
to. This marks a difference between earlier interactive
subsurface scattering approaches where vertex to ver-
tex interactions were used to discretize the scattering
equation.

Full evaluation of equation (9) of patch to patch
throughput factors would require P? interactions,
where P is the number of patches (and also texels in
our texture atlas). Each interaction forms a link. Since
all of our patches are in texture space, we need only
store a u, v location and a throughput factor for each
link. By adding an LOD term into the link structure
we can access any level in the MIP-map surface hierar-
chy. Based on our computation and space restrictions
we assign some maximum number of links L that we
store for each patch P, in the base level of our texture
map.

For a non-adaptive approach we can choose some
level [ in the hierarchy. We then build all links from
patches P, to P, where P, are the patches at the lowest
level in the hierarchy, and P, are patches at level [ in
the hierarchy.

An adaptive top-down approach for the construc-
tion of links may be done similar to that of hierar-
chical radiosity. For every patch in the lowest level of
our hierarch Py, we start by placing the root patch P,
of our hierarchy onto a priority queue (with highest
throughput factor at the top). We then recursively re-
move the patch at the top of the queue, compute the
throughput factors from P, to its four children, and
insert the four children into the priority queue. This
process is repeated until the queue size grows to the
threshold number of links desired.

Once L adaptive links for each patch/texel in our
atlas have been created, we store the result into L
textures maps that are /P, x v/P, in size. We use
an fpl6 (16-bit floating point) texture format sup-
ported on the GeForceFX to pack the link informa-
tion: w, v, F3;,LOD into the four color channels to be
used during pass two of our rendering stage. To reduce
storage in favor of more links, we opted to reduce our
form factor to a single scalar. Form factors per color
channel may be supported at a cost of space and band-
width.

In the case of a non-adaptive approach, the link lo-
cations and LOD are the same for every patch P,
we therefore store this information in constant regis-
ters on the graphics card during the second pass. The
throughput factors, however, vary per-link. We store
the form factor information into L/4 texture maps

© The Eurographics Association 2003.
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where each texel holds four throughput factors (cor-
responding to 4 links) in the rgba channels.

4.2.2. Pass 1: Radiosity Map

Given our face cluster hierarchy and MIP-mappable
parameterization, we must first compute the E;’s for
the patches in our scene. To do this, we start by com-
puting a single incident irradiance for every texel in
our texture atlas, thereby evaluating lighting incident
on all sides of the model. We scale the result of the
incident illumination by the Fresnel term, storing the
result in the texture atlas. Each texel now holds the
amount of irradiance that is transferred through the
interface to the inside of the model. This step is similar
to the illumination map used in Lensch et al.l5.

To accomplish this efficiently on the GPU, we use
the standard OpenGL lighting model in a vertex pro-
gram on the GPU. Using the OpenGL render-to-
texture facility, we send our geometry down the graph-
ics pipeline. The vertex program computes the lighting
on the vertices scaled by the Fresnel term placing it in
the color channel and swaps the texture coordinates
for the vertices on output. The radiosity stored in the
color channel is then linearly interpolated as the trian-
gle gets rendered into the texture atlas. Our method
does not prevent the use of more advanced lighting
models and techniques for evaluating the incident ir-
radiance on the surface the object.

As an alternative to computing our transmitted ra-
diosity in a vertex program, we could perform the com-
putation entirely in a fragment program per-texel. In
addition to higher accuracy, this approach may have
improved performance for high triangle count models.
A geometry image (e.g. every texel stores surface posi-
tion) and a normal map may be precomputed for our
object and stored as textures on the GPU. Render-
ing the radiosity map would only entail sending a sin-
gle quadrilateral down the graphics pipeline texture
mapped with the geometry image and normal map.
The lighting model and Fresnel computation can take
place directly in the fragment shader.

We use the automatic MIP-mapping feature avail-
able in recent OpenGL version to compute the aver-
age radiosity at all levels of our surface hierarchy. The
radiosity map is then used in the next pass of this
process.

4.2.3. Pass 2: Scattered Irradiance Map

This pass involves evaluating equation (9) for every
texel in our texture atlas. We render directly to the
texture atlas, by sending a single quadrilateral to the
GPU. In a fragment program, for each texel, we tra-
verse the L links stored during the pre-computation
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phase. Texture lookups are performed to get the link
information. Using the u,v and LOD link information
a dependent texture lookup is performed on the mip-
mapped Radiosity Map. The result of this is scaled
by the links form factor. All links are traversed for a
given texel and the accumulated radiosities form the
incident scattered irradiance for the texel.

This pass can be the most costly of the three passes
depending on the number of links chosen. For our
adaptive approach, 2*L texture lookups must be per-
formed in the fragment shader. For our non-adaptive
scheme we were able to pack four links into a single
texture lookup resulting in 1.25 x L lookups.

4.2.4. Pass 3: Final Rendering

Pass three begins with the scattered irradiance map
resulting from pass two. This pass multiplies the scat-
tered irradiance texture with a texture of inverted
Fresnel terms to get a texture of external radiosities
on the outside of the translucent object’s surface. This
texture product is further modulated by direct illu-
mination resulting from a standard OpenGL lighting
pass, evaluated either per-vertex or per-fragment. This
results in the final rendering of the translucent object.

4.3. Subsurface Scattering Results

Figure 7 shows the result of our subsurface scattering
algorithm running on a GeForce FX card. To achieve
real-time performance we are running with either a
5122 or 10242 texture atlas with 16 links per texel.
We initially tried to use our adaptive approach for as-
signing links but found that the adaptivity when using
such a course number of links led to visible discontinu-
ities during rendering along the mip-map boundaries.
As we increased the number of links, the seams dimin-
ished due to the improved approximation.

Precomputation of the links was performed entirely
on the CPU and took approximately nine seconds for
the 10242 resolution.

Model res. fps Pass1 Pass2 Pass3
Head 5122 61.10 11% 82% 7%
Dolphin 512  30.35 43% 43% 14%
Bunny 512  30.33 37% 34% 28%
Head 1024%  15.40 13% 85% 2%
Dolphin 10242  15.09 8% 85% 7%
Bunny 1024 12.05 18% 68% 14%

Table 1: Subsurface scattering performance on a
GeForce FX 5900.

We tested the algorithm using an NVidia GeForce
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(a)

Figure 7: Without subsurface scattering (a), and
with subsurface scattering (b) using o, = 2.21, o, =
0.0012, 16 links, 40fps Nvidia GeForceFX 5800.

(a)

FX 5900 on three models. The "head” model with
7,232 faces, a ”dolphin” model with 21,952 faces and
the "bunny” model with 69,451 faces. The results of
the GPU subsurface scattering algorithm is shown in
Table 1. At the 10242 texture resolution, Pass 2 domi-
nates, and since this pass is a texture-to-texture pass,
the use of a texture atlas has effectively decoupled the
total shading cost from the tesselation complexity.

5. Conclusion

We have examined the implementation of matrix ra-
diosity on the GPU and used it as an example to ex-
amine the performance of the GPU on scientific appli-
cations, specifically those involving linear systems.

Our GPU subsurface scattering result is much more
successful, yielding full real-time (61 Hz) performance
on a present day GPU. Our implementation is novel
compared to other real-time subsurface scattering re-
sults that are implemented primarily on the CPU.
Moreover, our subsurface scattering method is based
on a multiresolution meshed atlas, and this multireso-
lution approach applied to a surface cluster hierarchy
is also novel.

The key to our multiresolution surface approach to
subsurface multiple diffuse scattering is the assign-
ments of gathering links. These directional links are
formed between clusters at different levels in the hier-
archy, and a directed link indicates the irradiance over
one cluster is gathered from the scattered radiosity of
another cluster.

These links are similar to the links used for hier-
archical radiosity. Hierarchical radiosity would follow

© The Eurographics Association 2003.
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these links to gather radiosities from other clusters
at appropriate levels in the radiosity MIP-map, and
radiosities formed at one level would be averaged or
subdivided to form radiosities at other MIP-map lev-
els. But hierarchical radiosity gains its greatest speed
and accuracy improvement from its ability to dynam-
ically re-allocate these links based on changes in the
cluster-to-cluster form factors. The implementation of
this dynamic link reassignment on the GPU is of great
interest but appears quite challenging, and forms the
primary focus of our future work.
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