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Abstract tracing algorithms (e.g.,[11, 23]). Some finite element
The ability to perform interactive walkthroughs of global approaches have been presented, but can only treat trivial
illumination solutions including glossy effects is a chal-scenes (e.g., [13, 1]) or require a second, ray-casting pass
lenging open problem. In this paper we overcome certaito generate an image [3]. Two approaches have been pro-
limitations of previous approaches. We first introduce gosed which are capable of interactive viewing [16, 25],
novel, memory- and compute-efficient representation dbut they are limited in their capacity to treat non-trivial
incoming illumination, in the context of a hierarchical ra- environments and reflective behaviours.
diance clustering algorithm. We then represent outgoing We present a novel solution which allows interactive
radiance with an adaptive hierarchical basis, in a manneiewing of globally illuminated glossy scenes. To reach
suitable for interactive display. Using appropriate refinethis goal, we use a finite element representation of outgo-
ment and display strategies, we achieve walkthroughs @fig radiance at surfaces or clusters. This representation
glossy solutions at interactive rates for non-trivial sceness used at each frame to evaluate the radiance leaving a
In addition, our implementation has been developed to bglossy surface and reaching the eye, permitting interac-
portable and easily adaptable as an extension to existingye viewing.
diffuse-only, hierarchical radiosity systems. We present A novel representation of incoming radiance in the
results of the implementation of glossy global illumina-form of a structure calledilumination Samples is pre-
tion in two independent global illumination systems.  sented, which is efficient both in memory and computa-

Key words: global illumination, glossy reflection, inter-  tion time. This structure replaces an explicit (and costly)

active viewing finite-element representation of incoming radiance by
sets of relevant point samples.
1 Introduction Furthermore, we demonstrate the importance and ben-

Real-world scenes contain materials with different reefits of using an adaptive hierarchical representation of
flective properties, varying from matte (diffuse) to shinyoutgoing radiance improving on both computation time
(glossy or specular). Global illumination research ha@nd memory consumption compared to previous ap-
made great advances for the treatment of diffuse envproaches such as [16]. Our algorithm produces high qual-
ronments in the recent years, in particular with the adity glossy global illumination solutions which can be di-
vent of the Hierarchical Radiosity (HR) algorithm [7] rectly rendered for interactive walkthroughs, without the
and the subsequent introduction of clustering [18, 15]need for expensive second-pass final gather as in [3].

It is now possible to compute global illumination solu- )

tions of complex diffuse environments and performinter? PreviousWork

active walkthroughs. Interactivity is achieved using theMost previous work in glossy illumination has been cen-
polygonal model which is appropriately subdivided intotered around ray-tracing. These start with distributed ray-
sub-polygons to capture shadows and lighting variationgtacing [28, 5] and the rendering equation [9] in the late
Since the environments are diffuse, no updates are necesghties. A large body of research ensued focusing on
sary at each frame, and the polygons are drawn as is. Monte-Carlo stochastic algorithms. The goal of this re-
contrast, scenes containing glossy surfaces cannot yet search was to reduce the noise in the solutions, introduced
treated in an interactive context. To generate images withy the stochastic nature of the Monte-Carlo methods
glossy surfaces, ray-tracing based approaches are tyge.g. [22, 11, 14]). Monte-Carlo algorithms that proved to
cally used, such as tHRADIANCE system [27] or path- be useful in other research areas were successfully trans-



ferred to the global illumination problem [10, 24]. non-hierarchical representation, and the number of coef-
In parallel, several multi-pass methods have been décients used is fixed in advance. As a result, there is no
veloped which combine the advantages of ray-tracing anepntrol over the level of detail required to represent the
radiosity-style calculations [17]; others have integratedlirectionally dependent glossy illumination.
radiosity calculations a stochastic process [2]. Rie Our new algorithm provides solutions to the above
DIANCE system [27], particle tracing [12] and photon-problems and also reduces memory and time consump-
maps [8] are also interesting since they collect samples tibn. We start with an improved representation of in-
illumination either on surfaces or in a separate structure€oming radiance, which avoids the memory overhead and
and use a ray-cast or trace to render the final image. multiple hierarchy passes of the “immediate-push” so-
“Pure” finite element approaches for glossy illumina-lution. In particular we introducéllumination Samples
tion have appeared in two main flavours: three-point ap¥hich are an appropriate point sample set representation
proaches [1, 13] and finite-element approaches using d®f incoming light. We then proceed with an adaptive hi-
rectional distributions [16, 3]. We concentrate on the lasérarchical representation of outgoing radiance using Haar

two methods in more detail, since they are closer to owvavelets, which is well-suited to interactive viewing, and
new algorithm. allows smooth control of the memory/quality tradeoff.

) h This avoids the problems of non-adaptive representations
21 _ Waveletsand Final Gather which are either not sufficiently accurate or too memory-
Christensen et al. [3] extended the wavelet methodsonsuming. Appropriate directional refinement and sim-

which have been used for radiosity [29, 6, 4] to a radiancgle heuristics for accelerated viewing are also introduced.
clustering algorithm. However, it still suffers from some

computationally expensive steps which hinder interactiv8 The Illumination Samples Algorithm

viewing. Patches store a radiance distribution which ighe goal of the new lllumination Samples algorithm is to
represented using a four dimensional wavelet basis agxtend an existing Hierarchical Clustering algorithm to
counting for spatial and directional variations. Computz|so handle non-diffuse surfaces. Inter-surface light prop-
ing the transport coefficients involves evaluating a Sixagation is the same for diffuse and non-diffuse environ-
dimensional integral which is computationally expensivemems, with the difference that in a non-diffuse setup di-
Importance driven refinement reduces the number of inectional information about incident light must be main-
teractions drastically; but the solution becomes view degined for a following glossy reflection step.
p_endent and consequently cannot be used for interactive pg in [16], patches and clusters are assumed to have no
viewing. spatial extent. They store a hierarchical directional dis-
Higher order wavelet bases were also investigategkibution for outgoing radiance which will be described
which provide a sparser transport coefficient matrix andeparately in Section 4. In contrast to [3], our new algo-

deliver smoother representations. However, the integraithm does not differentiate between clusters and patches
tions are so complex that the authors resorted to the Hagéncerning the representation of exitant light.
basis with a smoothing final gather step, which is ver){g .

.1 Bounded Propagation

time consuming and view dependent.
] ) Our approach is based on the radiosity clustering method

2.2 Radiance Clustering described in [20, 21], which can handle flat and curved
The Radiance Clustering approach (RC) developed byurfaces as well as clusters in a uniform manner. Bound-
Sillion et al. [16], used spherical harmonics to store exing boxes around the objects are used to bound the set
iting radiant intensityt on the hierarchical elements of a of interacting directions. With this information, bounds
subdivision of the original scene. An “immediate-push”on the form factor and exitant radiance at the sender are
algorithm is used, which, during the gather operation otomputed, delivering minimum and maximum values for
light across links, “pushes” the contribution all the waythe received radiosity. The difference is used to decide
to the leaves. At the leaves, radiant intensifg stored whether to refine a link.
as a spherical harmonic function; the new contributionis This bounded radiosity approach can be applied to
reflected and added into this function. radiance computations easily, since the propagation of

The result can be visualised directly by sampling thdight, i.e. the transformation of exitant to incident light,
spherical harmonic representationsloét each frame. is independent of material properties. The only differ-
Direct visualisation (i.e. with no acceleration) was perence lies in the evaluation of bounds on the radiance of
formed for simple scenes; since for each frame radiandbe sender, which is even easier if we have a directional
is evaluated at each vertex or leaf element, frame ratestribution for the sender’s exitant radiance. However,
are not optimal. Furthermore, spherical harmonics are since this exitant radiance representation is only approxi-



mate, the resulting bounds are no longer conservative. in a particular direction.

3.2 Incident Light Using an adaptive directional distribution described
below, reflected light is projected onto an adaptive, hi-

One_ way to mtegrate_ t_he directional |nformat|_0 nis t.oerarchical directional basis to obtain the new exitant light
explicitly compute a finite element representation of |t.for each patch. These representations are then averaged
In [3], each incident light contribution computed during )

o . . > bottom-up to obtain the distributions for inner nodes.
propagation is projected separately onto a basis for in-

coming light (for clusters). This is rather costly (in mem-3.4 Shooting

ory af_‘d time)_ and result; i_n significant blurrir?g of inci- With a gathering iteration scheme, the number of lllumi-
dent light, which can exhibit very strong variations. nation Samples and thus the time for push/pull increases
An alternative is to reflect incident light contributions f,om iteration to iteration. With a shooting scheme in the
immediately after they have been computed [16], whileprit of [19] this can be avoided. This requires an addi-
their direction of incidence is still known. The reflec- jonal directional representationafishot radiance, but it

tion responses are then projected in finite element basggo avoids the storage and reflection of all lllumination
separately. This method circumvents the need to stogympjes.

the incident light, but the storage consumption is not re-
duced: two representations of exitant radiance are need8® Error Analysis
for the push/pull phase. In addition, this method is comnote that in our approach propagation and reflection are
putationally expensive, because of the high number afompletely decoupled. Propagation computation does
BRDF evaluations, and the multiple hierarchy traversalgot consider the reflection properties of the receiver,
involved in the immediate projection. which would allow the computation of incident light at
Our proposed solution is to combine the approaches highly glossy patch more accurately than in the diffuse
of incident light representation and immediate reflectioncase. The spatial refinement of the patches is done during
We attach incident light to a receiving patch in the formpropagation, while the refinement level of the directional
of Illumination Samples. Light propagation is computed distributions is chosen during reflection. This distinction
similarly to HR by refining links until each link repre- does not impose a problem on convergence, but it results
sents what amounts to constant light power. Instead @f memory/computation savings.
simply summing the irradiance values at the receiver, an |jymination Samples can be interpreted as Dirac-
lllumination Sample with the direction to the sender antheaks from a particular direction describing incident light
the transported irradiance is added to the receiver for eagihg are thus somewhat similar to the photons in the Pho-
link. At the end of the propagation step, the illuminationyon Map approach of Jensen et al. [8]. However, Photon
in the scene is represented as a set of point samples, digaps are not deterministic and their usage for lighting
tributed over the scene hierarchy. simulation is very different from ours.

3.3 Push/Pull and Reflection With respect to a standard norm, with Dirac-peaks

A push step as in HR is needed to create a consistefi©0 convergent representation can bg obtained. On the
representation of the incident light at the leaves, i.e. affther hand, the Dirac-representation is only used to com-
light received by inner nodes is propagated to the childreRUte the reflection integral. From another point of view,
by passing its lllumination Samples downwards. Afterihis representation can be seen as intermediate glatg ina
wards, each leaf has a large set of lllumination Sampled€layed numerical integration, where each lllumination
describing its entire incident light field. Note that theSample is a temporarily stored integration sample. So
number of hierarchy traversals is much smaller than i&S |ong as the BRDF is numerically integrable, the com-
Radiance Clustering [16], where each sample is pushdtited reflection will converge.

down separately.

After the push step, the incident light has to be re-
flected according to the object’'s BRDF. Because Illumi-
nation Samples correspond to Dirac impulses, the refledo produce the finite-element solutions suitable for inter-
tion is an impulse response of the BRDF, i.e. it is thective display, we store outgoing light in the form of di-
BRDF with a fixed incident light direction multiplied by rectional distributions attached to surfaces or clusters. As
the irradiance of the sample. The complete reflection ig1 Radiance Clustering [16], objects are assumed to have
the sum of the impulse responses to each Illuminationo spatial extent. Instead of the four dimensional radi-
Sample. Therefore the BRDF must be evaluated once fance only the 2Dradiant intensity distribution is stored
each lllumination Sample to obtain the reflected radianceith each object.

4 Adaptive Representation of Outgoing Radiance
for Interactive Display



4.1 Directional Representations There are several possibilities to decide whether the

For the representation of directional radiant intensitiedlifference is too large. For the algorithm described in
we have implemented and examined two options: Firsthis paper, the difference is compared with the midpoint
a uniform subdivision of the direction space, where eacMalue, i.e. a maximunpercentage deviatione with re-
distribution is represented by a fixed number of coeffispect to the center value is allowed. This turned out to
cients ion-adaptive basis) 1. Second, we implemented be beneficial for our case (see Section 5.1); for other set-
an adaptive representation using Haar Wavelets. tings, different criteria can be used.

The non-adaptive basis is more useful for smooth disc':omparison
tributions, because all operations on the fixed subdivision
basis are simple and fast. The adaptive Haar basis is bé@ see the differences involved in using Haar or non-
ter suited for strongly varying functions, because it caf@daptive representations, consider the following example,
use more basis functions in the interesting regions anfhich is an empty room (the geometry is taken from the
fewer in smooth regions. However, operations such a8ADIANCE test scene “Soda Shoppe” [26]).
the evaluation of the distribution or addition of two dis-
tributions are more expensive.

Max level 3 4

“Non-adaptive” Representation
For a non-adaptive basis, we use a uniform subdivision
of the direction space. To accomplish this task, a tetrahe-

dron is subdivided. We thus obtaifi4 triangles if the N/A
level of subdivison i. Since the number of vertices is

lower than the number of triangles (this is 2"+ 2), we

decided to store 3 floats for RGB only at the vertices.

Haar Representation Haar

For the Haar representation, the domain of directions is
parameterized by points on an octahedron. The vertices
of the octahedron are selected to lie on the main axes,
so each face corresponds to one octant of the directional
domain. Simple sign considerations of a direction deliver
the corresponding octahedron face.
A hierarchy of basis functions is built by assigning a Figure 1:Comparison of the non-adaptive (N/A) vs. Haar.
first level basis function to each of the eight faces of the
octahedron. These are then subdivided hierarchically in Vax | Distr Trangies Time
the usual manner. Level N/A Haar | N/A Haar
In order to quickly compute an adaptive representation, 3 2878 | 782K | 640K | 510s| 7225
a top-down approach was chosen. Assume that the func-[— 4 2878 | 3127K | 1829K | 731s]| 1125s
tion to be projected i$. For each of the first eight basis
functions, f is sampled at the triangle corners and at itSTable 1:Comparison of Non-adaptive (N/A) and Haar basis for
center. Iff is almost constant over the triangle, the samRadiance Clustering, showing the number of directional func-
ple values will only vary slightly. For highly varying, tions used and the computation time. Max Level is the maxi-
one can expect a wide range of function samples. ThygUm level of subdivision.
the difference between minimum and maximum sample

is considered. If itis too large, the four finer basis func-  Thg reference image was computed using a path-tracer
tions partitioning the domain are considered recurslvelyusing next-event estimation [L1]. The images in Figure 1
This top-down approach runs into problemsfihas \yere generated using Radiance Clustering, with the non-
a sharp peak inbetween the samples. We alleviate thigianiive and Haar basis (see Section 5 for more details on
problem by enforcing a minimqm subdivision level in therendering). The “Max Level” parameter corresponds to
hope that the resulting sampling is dense enough to Ngle maximum permitted level of subdivision. Clearly, the
miss any peaks. non-adaptive basis fails to correctly represent the high-
1This allows a comparison with [16]; to be complete we should havIIghtS on the glossy floor for maximum subdivision level

tested with spherical harmonics. Since no solution for general surfage For ma>_(imum level 4, the result is improved, but at the
orientation currently exists, we used the “non-adaptive” basis. cost of 4 times more memory (see Table 1). In contrast,

Reference|




the Haar basis uses less than three times as much memor
for an “equivalent” improvementin quality. However, the
Haar basis also takes more time. The reason is that arith-
metic operations on the regular constant subdivision are
of course simpler and faster.

This example demonstrates that for highly glossy
scenes, small highlights can only be captured with the
adaptive basis or a very fine non-adaptive basis repr‘Ie—'_igure 2: Artifacts when using the “absolute” refiner (left),

sentation, \.NhICh in turn requires large amo.un_ts of MEMRhich are absent when using the “relative” refiner (right).
ory. More importantly, the user, who has limited mem-

ory, can only change the quality in large “quanta”, ands.2 |nteractive Rendering

often will not be able to get a satisfactory result beforg-or efficient display we separate objects into two lists, so
running out of memory. Adaptive bases, such as Haagat diffuse objects can be rendered once and redisplayed
alleviate this problem. However, the uniformity of thein efficient, display-list mode. The other list, of glossy
non-adaptive basis results in a smoother, more regulgflectors, is updated appropriately at each frame and dis-
distribution, which becomes especially visible during in-pjayed in immediate mode. The accelaration achieved

teractive viewing. obviously depends on the percentage of diffuse surfaces
in the scene. For the scenes tested we achieve update rates
5 Interactive Display varying from a few frames per second to a few seconds

per frame for more complex scenes.
After the computation of a global illumination solution  To achieve smooth shading for glossy surfaces, we add
using lllumination Samples, we have a representation ¢f field to the data structure associated with vertices in the
outgoing radiant intensity, stored in the directional distrijerarchy of elements. For planar surfaces, this field is
bution function. At each frame during interactive display,updated during push-pullin a manner slightly different to
we need to evaluate radiance for every glossy hierarchihat of radiosity; i.e. for a vertex belonging to a leaf ele-
cal leaf element in the direction of the viewpoint. Thisment or to an edge, the radiant intensity is summed with
implies two requirements: (i) subdivision of the direc-the radiant intensity stored at the vertex. Since radiant in-
tional distributions appropriately so that a visually pleastensity is in Watts/sr (see [16]), at display time we divide
ing representation of glossy effects is produced and (iipy the area of the surrounding elements.
acceleration of the display process to avoid the cost of The special case of indexed face-sets is treated sepa-
the evaluation of radiance at each element at every framgytely. Indexed face-sets are common modelling primi-

tives, and often result from the tesselation of curved ob-
5.1 Refinement Issuesfor Display jects such as spheres or cylinders. The advantage of such
Recall that we have decoupled directional subdivision, it primitive is that vertices are shared between adj_gcent
the form of the Haar-based directional distribution func_e!eme_nts. We can t_hus avoid the_storage of the additional
directional distribution at the vertices.

tions, and the spatial subdivision, in the form of the “tra- Each vertex st the list of pol el tswhich
ditional” hierarchical radiosity element hierarchy. To dis- ach vertex stores e fist of polygonal elements whic
share it. Its color is then the average radiant intensity of

play the solution, we interpolate radiance in the view di- .
rection by evaluating the directional distribution on eachthese polygons (i.d. evaluated at the centers of the ele

element. If subdivision in direction space is performedqentivm tcelv'iw'?h% dlrelct;onrz. For rmvorr? iff]:clent Cii\l/s_n
arbitrarily, the difference in subdivision of the direc- P&y, We evaluate this color once per vertex lor a give

tional function between neighbouring patches may be toglrectlon. AIS?’ we FECO”,‘,F"”G the color only if the d|r_ec-
abrupt. tion changes “sufficiently” i.e. greater than a user-defined

€ threshold. This allows the control of the quality/update
This is the case for example if we compare absoluteate tradeoff.

value differences between the center and the vertices

of the triangles of the directional subdivision to decide® |mplementation and Results

whether to subdivide. The use of relative (percentagegdne major goal of our approach was the development of a

differences avoids this problem since we approximate theolution which can be considered a simple “add-on” to an

form of the function, which varies more slowly acrossexisting hierarchical radiosity system. We implemented

neighbours. The artifacts due to the absolute refinemetite algorithm on two very different rendering architec-

can be seen in Figure 2. tures, namel\BRIGHT (iIMAGIS) and VISION (Uni-



versity of Erlangen). € m/M IS RC

We have tested our implementation on several test3Lig. | 0.5 13 8618 13866 | 38%
scenes, shown in Figures 3 and 6. The scenes in Figure 8Li9- | 0.1 1/3 8820 | 14068 | 37%
were used for the interactive viewing test BRIGHT. 3Lig. | 0.5 14 27306 | 43510 | 37%
The first scene shows three light sources colored re ,3 Lig. 0.5 1/5 79218 | 125944 | 37%
green and blue, illuminating a very glossy, small reflect Sph. 05 1/3 2114324| 3598720| 41%

Soda 0.5 1/3 2097534| 3339794| 37%

tor. This reflector in turn indirectly illuminates a dif-

fuse wall. The second scene is a glossy sphere ”Ium.lfable 2:Gain inmemory usage from the use of the lllumination

nated by a Sma!l source and a glossy floor. These I§amp|es algorithme is the accuracy threshold and m/M the
turn produce indirect glossy effects on the lower part ofin/max levels.

the sphere apd thg diffgse ceili.ng. Finally, the “Simplq:orm the push-pull operation (see Section 2.2).
soda” scene is a simplified version of the “Soda Shoppe” . .
scene. IBRIGHT, we require tesselation of all objects 6-3 Computation Time

initially, which results in a high number of initial objects; In Table 3 we show the computation time statistics for the
in VISION, objects are not initially tesselated. This ex-test scenes used. In particular we list the different scenes
plains the low number of initial objects in the completewith the € threshold, and the corresponding computation
“Soda Shoppe” scene, used for Figure 6. time for the solution by the two approaches (RC and IS).

. . N The rightmost column shows the percent memory gain of
6.1 Radiance Clusteringvs. lllumination Samples the illumination samples approach.

In BRIGHT we have implemented both Radiance Clus-

tering (RC) and the lllumination Samples (IS) approach € m/M IS RC

We have compared running time and memory usage far3Lig- | 0.5 1/3 446s | 90.1s | 50%
the RC and IS approaches. The threshold value has the?119- | 0.1 1/3 442s | 900s | 51%
same meaning for both approaches, since we are using. & -9- | 0-5 1/4 49.3s | 955s | 48%
“relative” refiner. Visual inspection also shows that the SSIE:&?. 8'2 i; g 4?2'76 155 ;f;z'sgss gi;‘;
resulting images are equivalent for the same parametarSOda 05 73 0765l 717 45 27%

values. All timings are on a 195Mhz R10k SGI worksta-
tion. Table 3:Gain incomputation time from the use of the lllumi-
nation Samples algorithna.is the accuracy threshold and m/M
1, _=' are the min/max levels.
- For all scenes the illumination samples approach pro-
- vides a speedup of at least 27%. This is mainly due to the

reduction in the number of hierarchy traversals, and also

3 Lights Sphere S.Soda the reduction in the number of triangles used to represent
the directional distributions as discussed above.
Figure 3:Test scenes using illumination samples As expected and confirmed by the experimental re-
. sults, the lllumination Samples approach reduces both
6.2 Memory Consumption memory and computation time with respect to Radiance

glustering. The images produced by both approaches are

In Table 2 we show the memory statistics for the tes S
sentially indistinguishable.

. . ; €S
scenes used. In particular we list the different scenes Wlt%
thee accuracy threshold (see Section 4.1), and the corré-4 Visual Quality/Comparisons
sponding number of directional distribution basis func-wWe gualitatively compare the visual quality of the images
tions used for the solution by the Radiance Clusteringf Radiance Clustering and lllumination Samples with
(RC) and Illumination Samples (I1S) approach. The rightthose from a path-tracer or tiRRADIANCE system. The
most column shows the percent gain of the illuminatiorpath-tracer tests are rendered using an in-house imple-
samples approach. mentation of the next-event estimation [11]. In Fig. 4 and

Memory usage is clearly reduced using lllumination5 we show the reference path-tracefRADIANCE im-
Samples compared to the Radiance Clustering approagges and the corresponding Illlumination Samples images
for all scenes. The gain varies from 37 % to 41% intogether with the computation times for the test scenes.
the best case. This is mainly due to the fact that Radi- There are several interesting observations that we can
ance Clustering requires the additional intermediate dinfer from these examples:
rectional distribution functions to be able to correctly per-1) In the case of the three light scefADIANCE runs



Reference lllumination Samples 6.5 A MoreComplex Scene

As a last test we applied the lllumination Sample method
to a more complex scene, the Soda Shoppe, one of the
RADIANCE test scenes. Our version consists of 1,644
initial patches, several of which are non-planar, including
the spherical light sources. About one third of the patches
are non-diffuse. Since bounded form factor computation
is used [20], no initial tessellation of these objects was
necessary, which would have increased the initial com-
plexity significantly. The scene is not yet really complex
in the sense of an industrial-size model, but sufficiently
non-trivial to impose severe problems on previous finite-
element radiance methods.

. The solution shown in Figure 6 was computed with
Radiance 1303s 4167s the implementation o¥/ISION, which incorporates the
Figure 4: Reference solutionsRADIANCE) compared to IS “shooting” solution described previously (Section 3.5).
solutions for three lights and sphere scenes. It was obtained in 8,488 seconds and contains 29,138
final patches. 91% of the computation time was spent
on propagation, which in turn is dominated by visibil-
ity (97%), only 9% was used for push/pull including the
reflection. 743,284 links were computed, resulting in
29,138 patches. Note that the uséGION implemen-
tation does not yet incorporate smooth reconstruction ca-
pabilities, so that the patch boundaries are clearly visible.

Radiance 6537s

Reference lllumination Samples

Path Tracer 51873s 5208s

Figure 5: Simple Soda reference solution (path-tracer at
455x364 resolution) compared to IS solution.

into sampling problems. Even after more than an hour
and a half of computation it does not converge. In con-
trast, illumination samples achieves a solution in less than
a minute, which is in addition viewable from any direc-
tion interactively?.

2) The computation times of IS are either lower or inFigure 6: A solution to the glossy soda shoppe, computed in
the same order of magnitude as those of the refereng88 seconds.

solutions. The important thing to remember is that the

IS solutions can be viewddteractively, while the refer- By far most of the computation is spent on visibility, as
ence (path-tracer or Radiance) require the same amodﬁlth diffuse radiosity computation. This indicates that we

of time (tens of minutes or even hours) My image_ were able to reduce the overhead introduced by explicitly
3) Path-tracing images are very noisy. The “smooth§t°rin9 directional illumination information to reasonable

shaded” solutions produced by IS do not suffer from thii;%’els' The more costly push/pull step was expected,

problem. Despite being approximate, the smooth-shad t it is interesting to notice that it still requires only

images are therefore much better suited to interactive ap- out 10 /"FOf thﬁ overall comﬁutatlon Ifor th|sbpart|cuh_
plications, where noise and flickering are very dis;trac'[ing.ar scene. For other scenes with more glossy o J(ECtS’ this
ercentage is somewhat larger, although always “reason-

We thus believe that our approach has great promisgbly small”. Note that this is only true for using shooting

since It can be used to generate low to moderate qualifysieaq of gathering! For gathering the push/pull times
solutions for glossy environments, as well as produce SQan increase significantly

lutions suitable for interactive viewing.

7 Conclusions
2 bi-directional path-tracer, or photon-map which would consideVVe haV_e presented a nOV_e‘| solution to global |"Um|n_at|0n
the reflection as a caustic may generate better results. simulation for glossy environments. Our new algorithm




is an important step towards interactive walkthroughs of[9]
globally illuminated glossy scenes: (i) We introduced the
[llumination Samples algorithm which represents incom- [10]
ing light more accurately and efficiently, both in memory
and computation time. (ii) We have used an adaptive hi[n]
erarchical finite-element basis to store outgoing light, in
a manner suitable for interactive viewing. This allows
fine control of the memory/quality tradeoff, which was[12]
not possible in previous solutions. (iii) These algorithms
can be implemented with marginal effort over an exist-lS]
ing hierarchical radiosity system, by confining the modi-
fications to a small number of phases and data structures.
(iv) Interactive viewing of the glossy global illumination
solutions is achieved by suitably refining the directional'*
representation of outgoing light and accelerating the dis-
play process. [15]
Our solution however is still quite memory-consuming
requiring in the order of tens of Mbytes for the smallest
scenes and hundreds of Mbytes for the more complex. (16]
To remedy these problems we need to generalise the
multi-resolution nature of our solution. Notably we will
introduce a multi-resolution representation of outgoing17]
light, which will allow significant savings in memory at
the cost of lower visual quality. This approach will re-
quire a novel representation as well as a novel refinemerB]
algorithm. This representation can be used both for the
actual lighting simulation as well as for display. [19]

Acknowledgements

This research was funded by the ESPRIT Open LTR SIMULGEI\{ZO]
(#25772) Thanks to Cyril Soler (iIMAGIS) and Ignacio Martin (GGG)

for coding help, and to Bruce Walter for proofreading. iIMAGIS is a
joint project of CNRS/INRIA/UJF/INPG.

8 References [21]
[1] L. Aupperle and P. Hanrahan. A hierarchical illumination algo-

rithm for surfaces with glossy reflection. @omputer Graphics

(SGGRAPH '93), pages 155-162, August 1993.

S. E. Chen, H. E. Rushmeier, G. Miller, and D. Turner. A progres{22]

sive multi-pass method for global illuminatio@omputer Graph-

ics (SIGGRAPH '91), 25(4):165-174, July 1991.

P. H. Christensen, D. Lischinski, E. Stollnitz, and D. H. Salesin[23]

Clustering for glossy global illuminatiomPACM Trans. on Graph-

ics, 16(1):3—-33, January 1997.

P. H. Christensen, E. J. Stollnitz, and D. H. Salesin. Global illu{24]

mination of glossy environments usimgavelets and importance.

ACM Trans. on Graphics, 15(1):37-71, January 1996. [25]

R. L. Cook, T. Porter, and L. Carpenter. Distributed ray tracing.

Computer Graphics (S GGRAPH '84), 18(3):137-145, July 1984.

S. J. Gortler, P. Sclder, M. Cohen, and P. M. Hanrahan. Wavelet[26]

radiosity. Computer Graphics (SGGRAPH '93), 27:221-230, [27]

August 1993.

P. Hanrahan, D. Salzman, and L. Aupperle. A rapid hierarchi-

cal radiosity algorithm. Computer Graphics (S GGRAPH ’'91), [28]

25(4):197-206, 1991.

H. Wann Jensen. Global illumination using photon maps. “[29]

Xavier Pueyo and Peter Sduér, editorsRendering Techniques

'96 (7th EG Workshop on Rendering), pages 21-30. Springer,

June 1996.

[2

(3]

(4]

(5]
(6]

(71

(8]

J. T. Kajiya. The rendering equatiorComputer Graphics (S G-
GRAPH '86), 20(4):143-150, August 1986.

A. Keller. Quasi-monte carlo radiosity. In X. Pueyo and
P. Schoder, editorsRendering Techniques ' 96 (7th EG Workshop

on Rendering), pages 101-110, Porto, June 1996. Springer.

E. Lafortune.Mathematical Models and Monte Carlo Algorithms

for Physically Based Rendering. PhD thesis, Katholieke Univer-
siteit Leuven, 1996.

S. N. Pattanaik and S. P. Mudur. Computation of global illumi-
nation by Monte Carlo simulation of the particle model of light.
Third EG Workshop on Rendering, pages 71-83, May 1992.

P. Schoder and P. Hanrahan. Wavelet methods for radiance
computations. IrPhotorealistic Rendering Techniques (5th EG
Workshop on Rendering), pages 303-311, Darmstadt, June 1994.
Springer.

P. Shirley, C. Wang, and K. Zimmerman. Monte carlo techniques
for direct lighting calculationsACM Trans. on Graphics, 15(1):1—

36, 1996.

F. X. Sillion. A unified hierarchical algorithm for global illumina-
tion with scattering volumes and object clusterSEE Trans. on

Vis. and Comp. Graphics, 1(3):240-254, September 1995.

F. X. Sillion, G. Drettakis, and C. Soler. A clustering algorithm
for radiance calculation in general environments. Remdering
Techniques ' 95 (6th EG Workshop on Rendering), pages 196-205.
Springer, August 1995.

F. X. Sillion and C. Puech. A general two-pass method integrating
specular and diffuse reflectiol@omputer Graphics (S GGRAPH
'89), 23(3):335-344, July 1989.

B. Smits, J. Arvo, and D. Greenberg. A clustering algorithm for
radiosity in complex environmentsComputer Graphics (S G-
GRAPH '94), pages 435-442, July 1994.

M. Stamminger, H. Schirmacher, P. Slusallek, and H-P. Seidel.
Getting rid of links in hierarchical radiosityComputer Graphics
Forum (EUROGRAPHICS’ 98), 17(3):165-174, September 1998.
M. Stamminger, P. Slusallek, and H-P. Seidel. Bounded radiosity
—illumination on general surfaces and clusté&smputer Graph-

ics Forum (EUROGRAPHICS '97), 16(3):309-318, September
1997.

M. Stamminger, P. Slusallek, and H-P. Seidel. Bounded radios-
ity — finding good bounds on clustered light transpor€onf.
Proc. of Pacific Graphics’98, 1998. http://www?9.informatik.uni-
erlangen.de/eng/research/pub1998/.

E. Veach and L. Guibas. Bidirectional estimators for light trans-
port. InPhotorealistic Rendering Techniques (5th EG Workshop

on Rendering), pages 145-167, Darmstadt, June 1994. Springer.
E. Veach and L. J. Guibas. Optimally combining sampling tech-
nigues for Monte Carlo rendering.Computer Graphics (S G-
GRAPH ' 95), pages 419-428, aug 1995.

E. Veach and L. J. Guibas. Metropolis light transpd&amputer
Graphics (S GGRAPH ' 97), pages 65-76, aug 1997.

B. Walter, G. Alppay, E. P. F. Lafortune, S. Fernandez, and D. P.
Greenberg. Fitting virtual lights for non-diffuse walkthroughs. In
T. Whitted, editor S GGRAPH' 97, pages 45-48, August 1997.

G. Ward. Radiance web site. http://radsite.lbl.gov/radiance.

G. J. Ward. The RADIANCE lighting simulation and rendering
system. Computer Graphics (SGGRAPH '94), pages 459-472,
July 1994.

T. Whitted. An improved illumination model for shaded display.
Communications of the ACM, 23(6):343-349, June 1980.

H. R. Zatz. Galerkin radiosity: A higher order solution method for
global illumination.Computer Graphics (S GGRAPH ’93), pages
213-220, August 1993.



