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Abstract

Rendering global illumination effects for dynamic scenes
at interactive frame rates is a computationally challeng-
ing task. Much of the computation time needed is spent
during visibility queries between individual scene eletagn
and it is almost illusive to update this information at real-
time even for moderately complex scenes. In this paper, we
propose a global illumination approach for dynamic scenes
that runs at near-real-time frame rates on a single PC. Our
method is inspired by the principles of hierarchical radios Figure 1. Teapot with indirect lighting (3878
ity and tackles the visibility problem by implicitly evatua vertices).
ing mutual visibility while constructing a hierarchicahlk
structure between scene elements. By means of the same ef-
cient and easy-to-implement framework, we are able to re-
produce a large variety of complex lighting effects for mod-
erately sized scenes, such as interre ections, envirommen
map lighting as well as area light sources.

(a) One Bounce, 6x12x12, 6.43FPS (b) One Bounce, 6x12x12, 6.43FPS

1 Introduction

In order to render a scene photo-realistically many lo-
cal and global illumination effects have to be faithfully re (a) One Bounce, 6x12x12, 7.53FPS (b) One Bounce, 6x12x12, 7.53FPS
produced. Today, real-time rendering of local illumina-
tion effects is state-of-the-art and used in many computer  Figure 2. Flying dragon (deformable model,
games and interactive environments. Unfortunately, scene 2670 vertices).
rendered in this way often have an arti cial look as they
lack more sophisticated appearance details such as inter-
re ections. Global illumination computation adds this ad-
ditional bit of realism by taking into account not only light In this paper, we propose a novel algorithm to ren-
that comes directly from the light source but also indingctl der global-illumination effects at interactive frame ate
through re ection from other surfaces. However, the simu- on a single PC. The core of our method is a hierarchi-
lation of global illumination effects is very complex and up cal radiosity-like link structure describing the light ris
to now it has been illusive to render full global illuminatio  port between individual scene elements. To overcome the
solutions in real-time on a single PC. The problem's com- computational bottleneck of having to compute visibility
plexity originates from the fact that during lighting simul  information explicitly at each frame, we propose the con-
tion every scene element interacts with many others. Fur-cept ofimplicit visibility. By this means, we are able to
thermore, visibility between scene elements has to be pre-quickly derive visibility between scene elements implicit
computed, as light can only travel between mutually visible from the hierarchical link structure while it is being built
points in the scene. This expensive-to-compute informatio We propose methods to ef ciently construct this link struc-
is used in all traditional rendering algorithms [4, 22, 15].3  ture and show that the nal global illumination solution can



be quickly computed on the GPU (Figure 1). Our method was supported. The rst approaches to perform near-real-
can reproduce interre ections under environment mapight time, indirect illumination on GPUs was limited to static
ing as well as area light sources at interactive frame rates —micro-geometry [13].
even for dynamic scenes with deformable objects. Inter- A coarse approximation of full global illumination can
activity is achieved by sparsely sampling visibility, whic  be achieved with ambient occlusion [41], which simply
makes our method most suited for diffuse or low-glossy dims incident lighting according to the average visibikity
scenes under large area lighting. a point. A technique to support ambient occlusion for dy-
The paper proceeds with a review of relevant related namic models re-used the idea of negative light [2].
work in Sect. 2. Thereafter, Sect. 3 describes how we re- The photon tracing technique by Keller [21] regards pho-
formulate and solve the rendering equation to accommodatdons stored at hit points in the scene as secondary light
the concept of implicit visibility. Sect. 4 describes inaiét  sources. Interactive frame rates can be achieved with this
the construction and administration of our hierarchiggli  technique but banding artifacts are likely to appear. GPU
structure, and explains how to ef ciently map these con- implementations for radiosity, photon mapping and radi-
cepts onto the GPU. We demonstrate the high visual qualityance caching exist as well [5, 29, 23, 10]. Unfortunately,
of our results in Sect. 5 and conclude in Sect. 6 with an out- expensive visibility computation prohibits real-time foef
look to future work. mance of these GPU-based global illumination methods.
One-bounce indirect illumination can be rendered at
real-time rates, if no visibility is taken into account [g, 7
However, this allows light to bleed through surfaces, creat
ing unrealistic results. Several bounces of indirect iilum
In the following we review existing techniques and con- nation [27] can be taken into account by iteratively colect
trast them with our new method. ing incident lighting. However, real-time rates can only be
achieved with very coarse lighting approximations.
Dachsbacher et al. [8] concurrently developed a real-

2 Related Work

Radiosity Radiosity [4] is a nite element method to com-
sl visible nite elements are sreated and raciosy | UM 8lobal ilumination method that handies visbilty by
propagated along those links until a steady state is reacheo{ra.n_sferrlngantl-rad.lance W_h|le .th|s .b.ea.‘FS many simi-
This computation is generally not real-time, even with im- armes to our algonthm, our.|mpI|C|t V'S'b”'ty. hgndlgns
provements such as hierarchical radiosity [12]. Theretexis shghtlyn more exible, as We Impose no restrictions on t.he
approaches to handle and make use of temporal coherenc%ynamICS of the scene, butis also slightly more expensive.
in dynamic scenes; a global illumination solution is incre- Precomputed Radiance Transfer PRT permits real-time
mentally updated by shooting negative light to compensaterendering of limited global illumination effects on staib-

for changes in lighting or geometry [3, 11, 28]. However, jects, such as shadows and diffuse/glossy interre ections
updating the link structure is dif cult, since visibilityeeds [32, 26, 25]. The global illumination solution is simply pa-

to be taken into account. rameterized by the incident lighting, which is assumed to be

. represented by means of basis functions, such as spherical
Ray-Tracing The most common method to compute a harmonics [32] or wavelets [26]. PRT exploits the limitatio

global illumination solution is the use of ray tracing. Rays . . . L .
. . . to static objects by precomputing all the visibility querie
of light are followed through the scene until all their en- . . . )
and baking them into the parameterized solution.

ergy is deposited in the scene (or a certain recursion depth . . : .
is reached) [39, 31]. Variants of the original ray-tracimg a Dynamic or deformable objects are inherently dif cult
o for PRT techniques, since the visibility cannot be precom-

proach include path tracing and photon mapping [22, 17]. puted anymore. Direct illumination on deformable, low-

All algorithms have in common that rays or photons need . :
to be intersected with the geometry to nd the closest hit polygonal models can be rendered with a PRT-like tech-

. o . nique [19, 30], however interre ections cannot be repro-
points. This is a rather costly operation and has long pre- ; . . o e .

: o . duced in this setting. Similarly, limited dynamic scenes

vented ray-tracing approaches from being interactive Re-with moving rigid objects can be handled [40, 34], but also
cently, algorithms have been proposed for interactiveajlob 9ng ) P

illumination using ray tracing [38, 36]. However, a cluster without taking indirect |Ilum|nat|on Into account. Recgnt
: ) . . work [24, 16] extends these ideas to render interre ections
of 24 PCs was required to achieve interactivity.

of dynamic rigid objects. Handling deformable models re-
GPU-Based Approximate Global lllumination The rst mains a challenge.

approaches to use graphics hardware for global illuminatio In this paper, we present a full global illumination algo-
were limited to direct illumination with environment maps rithm that circumvents expensive visibility queries byleva
[14, 20]. l.e., incident illumination could be more complex uating visibility implicitly during construction of a hiar-
than simple point sources, however, no indirectillumioati  chical link structure. This rapid visibility approximatio



enables rendering of moderately complex, dynamic scenesompletely visible or completely occluded. This allows us
with deformable models at near real-time frame rates on ato rewrite Equation (3) as:
single PC. In contrast to previous methods, our approach v
i i i i y bin
g:’;\ﬂrz:;dle environment map lighting as well as area light Kiocl o) fo(atsy $ 10 L 1)
j=1 o (4)
VG (e i) A

3 Global lllumination using Implicit Gy tia) = g

Visibility where! j; is the direction to the surfagg. Note that, we

only evaluate the binary visibility once (betwerrand the
In the following, we derive the theoretical fundamentals Surface elements center) and turn the original integrel in

of fast interactive global illumination based on implicisi asum over surface elements.
bility. We start with the rendering equation [18] and rewrit We make the nal assumption that a surface element al-
it in such a way that a global illumination solution can be Ways covers the extent of a spherical bifin, completely.
computed in a way similar to early non-diffuse radiosity This means that only the closest element needs to be con-
methods [15]. In contrast to radiosity methods, however, we Sidered and Equation (4) becomes:

compute visibility implicitly while building the link stro-
P y imp y g Ki(lo;x) fr(x!is$ o) L(x iss)

ture. The rendering equation can be written as follows: i 1) (5)
(ny !'is) ysrizls Ay.;
L(x! 1g) = Le(x! o)+ Q)
Z whereys is the closest surface element.
froc! P8 19) L(x 1y) (ng !y)dly; We use this formulation to render a global illumination
: solution by means of a radiosity-like algorithm. The dis-

cretization into bins allows us to borrow the idea of shadow
wherex is a point in the sceng,. is the emitted lightf . is mapping. We create a (hierarchical) link structure between
the BRDF,n, is the normal ak, ! ; and! , are the global  scene elements, where we store links in the discretized bins
light and viewing directions, antl? and! J are light and  at each element, as opposed to a simple list of links used

view in local coordinates. for standard radiosity algorithms. When creating the link
Similar to [15] we discretize the sphere i, small structure, each bin will only store the shortest link, i.e.,

spherical bins, each of which has a solid angig . This the link connecting to thelosestsurface element. Using

allows us to rewrite the rendering equation as: this scheme, the visibility information will be implicitlye-

trieved from the link structure. This can be seen as a variant
of omni-directional shadow mapping [1]; for each point
we discretize visibility for its upper hemisphere (Figus).3

'y(bin
L(x! 1o)= Le(x! To)+ Ki(x;'o): (2
i=1
with . 3.1 Conceptual Overview
Kito)= frcti® 1o) L(x i) (ne !i)d Conceptually, our algorithm is very similar to standard
bin | radiosity. We create links between scene elements and light

sources, and transfer energy between them until the solu-

We now rewrite the<; as an integral over all surface ele- tion is converged (or a certain number of iterations has been

mentsy inside pin; instead of solid angles:

R reached).
Ki(x! o) = frxli$ o) L(x 1)) _ In contrast to standard radiosity, we do not storeasmple
Y2 bin 3) list of links at each scene element, but structure the links
VCy)(ng 1) (ny r2! i)dAy; by stpring them in.bins. A non-hierarchical version of our
algorithm would simply try to connect all scene elements
whereV is the binary visibility between two points. with each other. Whenever a link is about to be created,

It is now possible to make several simplifying assump- its respective bin is queried and checked if there already
tions to speed up the computation. First, we assume thatexists a link and if that link is shorter or longer than the
for each element inside a bin the outgoing radiance is con-new link. In case the new link is shorter, it replaces the old
stant across its extent. Furthermore, we assume that the sizone; if not, the old one remains. After all links have been
of each element is very small, such that the cosine betweercreated, normal shooting or gathering iterations can be run
the integration direction and the normal is essentially-con to transfer energy. Similar to Immel et al. [15], this allows
stant. Finally, we assume that surface elements are eithefor diffuse as well as glossy direct and indirect illumiroeati



Of course, this basic algorithm is inef cient as a non- and area. The surface elements at the nest scale are based
hierarchical link structure grows quadratically in the rum on the vertices of the input model(s) (Figure 3b). We chose
ber of scene elements. In the following, we therefore de- discs centered around vertices as they can be easily com-
velop a hierarchical version of this algorithm, which erabl  puted for any type of mesh. The position and normal in-
us to obtain near-real-time frame rates for dynamic scenesformation of each surface element is known from the input

on a single PC. model. Similar to [2], its area is computed as one-third of
the total area of all triangles sharing this vertex.
4 Hierarchical Implicit Visibility To speed up the run-time process, we precompute a ge-

ometric hierarchy of the surface elements, which is then re-
used at run-time. Similar to other radiosity methods, we
want to cluster the surface elements in a way such they are
adjacent and oriented similarly. Different methods exst t
achieve this goal [9, 33]. However, our models are allowed
to deform at run-time preventing an optimal precomputed
solution. We adopt the simple technique by Bunnel [2] and
use UV texture space segments (typically provided by the
yartist to enable texturing) as the coarsest cluster uné (se
Figure 3a for an example).

Our method is visualized in Figure 3 and pseudo-code
can be found in Algorithm 1. In a preprocessing step, we
create ggeometric hierarchyor each object. This geomet-
ric hierarchy is only computed once and is then re-used at
run-time to construct thhierarchical link structure which
is the data structure for computing the actual global illumi
nation solution. At run-time, we rst update the data asso-
ciated with the surface elements (positions, etc.), as the

might have changed from the last frame. We then con- F h UV ani hical d
struct the hierarchical link structure using implicit \agity or each UV segment, we create duierarchical quad-

as indicated before. After construction, the hierarcHioél treerepresenting a spatial disc hierarchy for all vertices in
structure needs to be re ned in a second pass to propagat(l,'he seg_merﬁ. Tf;]e ro?]t TOOLIﬁ/Of the tree |sha Tun}acedelement
the implicit visibility information to all levels. The prgp ~ 2PProximating the whole UV segment, the leaf nodes are

gation of energy is very similar to standard radiosity. We the discs corresponding to single vertices. Each surface el
will detail our method in the following ement in the tree can have up to four smaller child surface

elements on the next lower level (Figure 3b and c). For
Algorithm 1 — Main Algorithm each surface_—glement i_n the_hierarchy, we store its pasitio
(average position of all its child surface elements), therev
all surface area, as well as the average normal direction.
The hierarchical structure is only computed once. However,
the average position as well as normal is re-computed every
frame in order to support dynamic models. The area of most
elements varies very little during animation, therefohe t
area does not have to be recalculated for each frame. Please
note, that the terms node, surface element and disc are used
interchangeably.

1: CreateSurfels() Create surface elements based on the
input geometry information (vertex, face, etc).
2: CreateGeometricHierarchy()Create hierarchical geo-
metric structure for each object.
3: for each framelo
4. UpdateElements(JUpdate the geometry information
for initial geometric hierarchy.
5. CreateHierarchicalLinks()Create hierarchical links
between elements.
6: Re neHierarchicalLinks() Re ne links (top-down,
remove unnecessary links).
7:  PushdownLinks()Push all links to leaf node.
8: for each light bouncedo
9: ComputellluminateLeafNodes(JGather incident
energy from links and compute illumination re-
sults in leaf nodes.
10: PullupEnergy() Pull up the indirect lighting en-
ergy from leaf nodes.
11.  end for

12: end for Our method allows objects to move around and even de-
form. Therefore, the stored geometric information needs
to be updated accordingly while preserving the hierarchy.

4.1 Geometric Hierarchy Preprocessing At each frame, we therefore update position and normal of
each surface element. The data of each parent node is up-

In order to facilitate illumination computations, we rep- dated based on its children. Note that the hierarchy itself

resent our objects using a hierarchysofface elementsA remains untouched. This process is similar to updating a

surface element is an oriented disk with a position, normal bounding volume hierarchy in ray-tracing [37].

4.2 Creating the Hierarchical Link Structure

For each frame, we recompute a hierarchical link struc-
ture, which is used to perform light propagation but also im-
plicitly determines visibility. This subsection detailsvia
this structure is created and re ned (corresponds to steps
4-7 in Algorithm 1).

4.2.1 Update Elements of Geometric Hierarchy
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e coarsest approximation level of the ge-
vel of the hierarchy and the correspond-

ement features (visibility/radiance) links

Figure 3. (a) Color-coded surface segments representing th
ometric hierarchy. (b) Four surface elements of the nest le
ing element on the next coarser level (c). (d) Each surface el

to many other surface elements. (e) The sphere of directions
cube-map bins, each one of them storing the shortest link to a

4.2.2 Initial Hierarchical Link Structure

After the geometric information has been updated, we can
proceed and build the hierarchical link structure. As state

for each element is discretized into
nother disc.

of a cube-map lies in the ef cient mapping of a direction to
a bin.

before, we base the link creation on the precomputed geo4.2.3 Re ning the Hierarchical Link Structure

metric hierarchies. We start by linkiragl top level nodes

of the geometric hierarchies. Whenever a link between two
nodes (called\ andB in the following) is about to be cre-
ated, we perform the following checks:

If the solid angle ofB as seen fromA's position is
bigger than the solid angle of the link's respective bin,
then theB-node should be subdivided, i.e., we try to
link A to B's children (going down the geometric hi-
erarchy). The same check is performedAoms seen
fromB.

If there is already a link that has a shorter distance,
which is determined by checking the link stored in the
respective bin, no link will be created.

In all other cases, we create a link between the two surface

elementsA andB and store it in the respective bins Af
andB.

During the creation of the hierarchical link structure,sit i
possible that a surface element and its child nodes contain
different links in the same bin/direction because the order
in which links are created is arbitrary. This is illustraiad
Figure 4. The link creation process rst happens to con-
nect surface elements andB. Then, in the next steA
andC are connected but since they are closer together, the
links are created further down in the hierarchygndC are

As can be seen, there are two main metrics to determine
whether two nodes can be connected. First, the solid angle
determines whether the two surface elements are too big
to be connected and should be subdivided. If the surface
elements are bigger than a bin, it might happen that bins
don't get lled with links, even though there is an element
in that direction. This would prevent the implicit visilii
to be evaluated correctly. Therefore, we go further down
in the hierarchy. Second, the length of the link is used to
determine if the other surface element is visible at all.

Discretization We chose the cube-map parameterization
to discretize the sphere of directions. In other words, a bin
corresponds to atexel in the cube-map. The main advantage

(@) (b)

Figure 4. Linking problem: In (a), the ele-
ments A and B are connected with a single
link. In the next step, the algorithm tries to
connect A and C. Since they are close by,
both A and C get subdivided and links are
created further down in the hierarchy. Now
there are inconsistent links at different levels
in the hierarchy: A is still linked to B, even
though there are shorter links further down
in the hierarchy between A and C.
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step can be combined with the link re nement from the pre-

l l
| \\% | \’é é vious subsection.
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\{é \C \Va \}b é 4.3 lllumination Computation
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WENAWN Global illumination is computed in a similar manner to
/ % é / % é L WUND N hierarchical radiosity. Energy is transferred betweenasod
© O © o ©_ 06 O along links. We chose a gathering approach, i.e., at each
) i i i . ) node, we gather all the energy from all incident links. The
Figure 5. Re ning hierarchical links: Differ- incident light is then convolved with the BRDF and con-
ent colors refer to different bins, and the verted to outgoing radiance. In case of diffuse BRDFs, the
length of each arrow represents the link's outgoing radiance is constant for all outgoing directioms a
length. We traverse the tree breadth- rst, and we just store a single RGB triple. In case of glossy re ec-
compare the links of parent and child nodes. tions, we augment our bin structure and store the outgoing
If there is a shorter link in a node further radiance per direction in it.

down in the hierarchy, we remove the parent-
node's link and push it to the siblings of the
node. If there is a longer link, it is removed.

As we have pushed down all receiver links to leaf nodes,
outgoing illumination is only computed at leaf nodes (no
other nodes can receive energy). Nonetheless, just like in
hierarchical radiosity, we need to pull up the outgoing en-
ergy to the parent nodes, which is achieved by traversing the

subdivided). The original link betweeh andB remains  tree bottom-up and accumulating energies.
however, as the new shorter link is created further down in ~ These two steps need to be iterated to account for indirect
the hierarchy and does not remove the original link. illumination. This procedure can be easily implemented on
The purpose of re ning the hierarchical links is to delete the CPU, but it unlocks its full potential only when imple-
those incorrect (and redundant) links. To this end, we tra- mented on the GPU.
verse the tree(s) in a breadth- rst manner. During traMersa
we compare the links in the bins of all parent-nodesandthe4 3.1 GPU implementation
links in the bins of the currently visited node. If, for a give
bin, the current node contains a shorter link than a parentWe store our surface elements, i.e., positions and normals,
node, the parent-node's link is removed and pushed to thein two oating point textures. The hierarchical tree is tdr
siblings of the current node (if they don't contain shorter in a texture in a pointer-less manner based on node indices.
links). If the parent node contains a shorter link, the child E.g.,afull quadtree with 21 nodes and three hierarchysevel
node's link is simply removed. This re nement removes has indices 1-16 for the leaf nodes, indices 17-20 for the
any incorrect links. Note that the re nement of links can second level, and index 21 as the root node. Hence, the
be done in a single traversal of the tree by keeping track ofindex of a node is suf cient to compute the indices of child
which bins have links further up in the hierarchy. and parent nodes. A third texture is used to store all the
links. In order to allow for fast construction of this texéur
we simply attenthe6 N N bin structure of each node
and store its contentin the 2D domain (we actually store this
Our goal is to implement the illumination computation on data split over several textures). A fourth texture corgain
the GPU. Unfortunately, GPUs only support very limited the outgoing (and unshot) energy for each node.
scatter operations, i.e., data cannot be written to arfgitra Computing the illumination is rather straightforward
positions but usually only to the current raster positioneT  given these textures. For each leaf node, we loop over all its
push part of the push-pull used by hierarchical radiosity al links and gather and sum the unshot energy from them. Itis
gorithms [4] requires a scatter operation, as data is writte then converted into outgoing radiance by multiplying with
to all the child nodes of a parent node. the albedo of the node. After the energy has been gathered
We avoid this scatter operation and enable an ef cient at all leaf nodes, we need to perform the traditional push-up
GPU implementation by pushing down links from all the in- operation. The pointer-less tree representation allovis us
terior nodes of our hierarchy to the leaf nodes. More specif- do this very ef ciently by traversing bottom-up through all
ically, the previously bidirectional links between two msd  nodes of the tree. For each node, we accumulate the out-
are split into two unidirectional links through which engrg  going radiance weighted by the area ratio. These two steps
is received at each node. All the receiving ends of the links can be repeated to account for several bounces of indirect
are then pushed down the hierarchy to the leaf nodes. Thisllumination.

4.2.4 Push-Down of Links



For nal display, we convert the texture containing out- Discretizaton | 6 8 8 | 6 12 12 | 6 16 16 |
going radiance into a vertex texture, which is used to setftigpdate Elements 12ms (6%) | 12ms (8%) | 12ms (11%)
color at the vertices of the model. Create Hierarchy 23ms (21%)| 43ms (29%)| 78ms (38%)
Speedup The direct lighting computation can be sped up, R€ ne & Push | 30ms (29%)| 35ms (24%)| 60ms (30%)
as there are generally few links to the light sources. Imstea lumination | 35ms (35%)| 40ms (28%)| 48ms (24%)
of going through all bins, we create a special texture that  Total | 112ms | 148ms | 218ms |
contains for each node: the number of light links and the
actual links (indices to nodes). Now, we only need to go ~ Table 1. Timings for the monster (3378 ver-
through those links to gather energy. tices, 1-bounce illumination, see Flg 8)

4.4 Light Sources

We support area light sources as well as environmental Figure 9 compares a reference image (a) computed with
lighting. Area light sources are geometry like any other ob- path tracing to a result of our method (b). Despite all the ap-
ject, with the notable difference that their initial outggi proximations we make, as detailed in Section 3, the differ-
radiance is set to be non-zero. ences are minor. Our method produces slightly softer shad-

Environmental lighting could be handle the same way, ows, which is less noticeable for a directional discreirat
but allows for a simple optimization. Instead of creatingge of6 16 16. The differences become more prominent for
ometry for the environment, we initially omit it completely coarser discretizations and artifacts appear.

and create our hierarchy with objects only. We now use the  Figyre 7 shows a teapot illuminated with an area source.
observation that any empty bin (in the leaf nodes) can seegyerall, the shading compares well to the reference im-
the lighting environment and therefore receives light from age. However, discretization artifacts become obvious in
it. Our optimized direct lighting step (see above) checks fo the shadow area. These artifacts can be reduced by either
this, and gathers light from the environment for any empty increasing the number of bins or by using larger area lights.

bin. Figure 8 shows a monster on a ground plane with di-

rect, one-bounce indirect, and two-bounce indirect light-

ing. Three levels of directional discretization are conaplar

, ) , One-bounce lighting is suf cient for a pleasing result. A
Our method enables interactive rendering of fully dy- ¢,4rse directional discretization produces slight astifa

namic scenes with direct and indirect illumination. Figlire but the speed gains are considerable. Table 1 details tee tim

shows an example where a teapot re ects the colored pat'spent on the different steps of our algorithm for this partic

tern of a ground plane. Also note the soft shadow cast by 5 scene. The initial creation of the geometric hierarchy

the environmental lighting. This runs at interactive spzaed takes about 72ms but is only done once in a preprocess.
(around 7 FPS) on an NVIDIA 8800. Deformable objects,

as shown in Figure 2, can also be handled easily.

5 Results

Figure 10 compares a reference image (a) computed with
path tracing to our method (b). The differences are minor.
However, our method renders with several frames per sec-
ond. We also demonstrate that there is virtually no differ-
ence between our hierarchical (b) and a brute-force non-
hierarchical version (c). Coarsely tessellated objects ca
cause light leakage, see (d) where the teapot only has 792
vertices (992 triangles).

Our GPU implementation also supports glossy direct il-
lumination, which we demonstrate in Figure 11. In order to
(@) Direct Lighting, 6x12x12, 3.86FPS (6) One bounce, 6x12x12, 406 FPS maintain interactive frame rates, we limit indirect illumak-
tion to diffuse interre ections in our GPU implementation
(even though the proposed method itself can handle glossy
interre ections). Our results compare favorably to the ref
erence solution (Figure 11a).

We have found that our algorithm has roughly a com-
Figure 6 demonstrates that our method can handle shadplexity of O(N logN ), with N being the number of ver-
ows and indirect lighting effects between objects. Note in tices, which is similar to other hierarchical radiosity met
(b) how there is a green sheen on the grey chess piece.  ods.

Figure 6. Shadow and indirect lighting effects
between objects (with (a) 5165 vertices and
(b) 4782 vertices).



(a) One Bounce, Path Tracing (b) One Bounce, 6x16x16, 5.12FPS
Figure 7. Discretization artifacts may become
visible under area lighting. However, increas-

ing the number of bins reduces artifacts.

5.1 Discussion

Despite the high-frame rate and the faithful reproduction
of global illumination effects as documented by the ground
truth comparisons, the proposed approximations and dis-
cretization may lead to visual artifacts. If only a coarse
cube-map discretization of the directional hemisphere is
used, block artifacts may be visible in the light simulation
(e.g., Figure 7 and 8). However, usiig 12 12 bins,

we achieve a good compromise between speed and visual (3]

quality.

Additional inaccuracies may occur due to the uneven
distribution of solid angles across bins. Furthermore, al-
though the xed world-space alignment of the bin cube-
maps across all geometric hierarchy levels enables fast com
putation, differences in directional sampling for diffete

surface element orientations may lead to inaccuracies and
temporal aliasing when objects undergo deformations (see

accompanying video).

Moreover, rendering quality depends on the initial trian-
gulation of the models as we base our lighting simulation
on the models' vertices. Starkly uneven triangulation may
therefore require re-meshing to prevent artifacts. If a ehod
is not tessellated nely enough, light leakage might occur,
as not every bin can be lled with a link for accurate occlu-
sions. However, fo6 16 160r fewer bins and models of
about 5000 vertices, we have rarely encountered it.

Currently, we also trade rendering performance for accu-
racy and precompute the geometric hierarchy once, ignor-
ing the fact that an adaptation of the hierarchy according to
the deformation may be bene cial.

Despite these trade-offs and approximations, which are

necessary to obtain high performance, the good visual qual-

ity of our results shows that interactive full global illunai-
tion on a single PC is feasible.

6 Conclusions

We presented a new global illumination method that
builds on and extends the traditional hierarchical ratiosi
approach by implicitly computing visibility. This new con-
cept circumvents time-consuming explicit visibility qies,
the main performance bottleneck in traditional approaches
Our method allows for rendering of full global illumination
solutions for moderately complex and arbitrarily deforgin
dynamic scenes at near-real-time frame rates on a single PC.
It faithfully reproduces a variety of complex lighting edts
including diffuse and glossy interre ections, and handles
scenes featuring environment map and area light sources.

As part of future work, we plan to investigate explicit
temporal coherence strategies to further improve animatio
quality. Decoupling the tessellation of the mesh from shad-
ing computation is another interesting line of research.
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