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Abstract

This paper presents an interactive renderer that computes direct
illumination in dynamic scenes with soft shadows and complex
BRDFs. Therenderer permits the user to both navigate the scene
interactively and modify the scene by moving objects, changing
materials, and changing lighting conditions.

To support interactive viewing, we introduce a visibility
caching technique in which the illumination of each patch in the
scene is captured by alocal illumination environment. This sim-
plified environment enables interactive rendering by accelerat-
ing visibility computations. Since this is an object-space tech-
nique, local illumination environments can be reused from frame
to frame.

To support interactive modification of the scene, we introduce
adynamic visibility algorithm that rapidly identifies which local
illumination environments to update when the scene is modified.
A 5D hierarchy storesillumination dependencies, and permits ef-
ficient identification of affected local illumination environments.

These techniques have been implemented in aparallel render-
ing system that uses a cluster of Intel processors connected on a
fast network. The renderer produces images at interactive rates,
achieving speedups of 10x to 20x over a standard parallelized
ray tracer.

CR Categories: 1.3.3 [Computer Graphics]:  Pic-
ture/lmage/Generation 1.3.7 [Computer Graphics]: Three-
Dimensional Graphics and Realism

Keywords: Illumination, Rendering, Parallel Computing, Ray
Tracing, Rendering systems, Visibility Determination, Java.

1 Introduction

One long standing area of research in computer graphics is the
rendering of high-quality images with soft shadows, complex
BRDFs, and globa illumination at interactive rates in dynamic
scenes. Traditionally, rendering speeds are too slow to match
these interactive needs. In this paper, we address the problem of
interactive rendering of dynamic scenes with support for direct
illumination effects such as soft shadows and arbitrary BRDFs
because direct lighting with soft shadows yields the minimum
feature set that provides acceptable cues to a user in an interac-
tive application. Our system uses novel software techniques and
exploits parallel processing to achieve this interactive rendering
performance. There are several potential applications of this sys-
tem, such as modeling, virtual reality walkthroughs, and gaming
systems.

Our system permitsthe user to interactively navigate the scene
and also to moadify it by moving objects and changing materials.
This paper makes several contributions that enable this interac-
tive rendering performance:

*This paper was submitted for review to SIGGRAPH 00.

e To support interactive viewing of the scene, we introduce
the concept of alocal illumination environment: the sub-
set of the environment that contributes to the illumination
at a patch in the scene. When a patch is rendered, shadow
rays are traced through its local illumination environment,
which is typically very simple. Thus, visibility computa-
tions for shadows rays are accel erated.

e Theloca illumination environments of some patchesin the
scene change when the scene is modified. The ray segment
tree, a 5D hierarchical data structure, is used to track illu-
mination dependencies and to allow rapid identification of
local illumination environments affected by a scene modi-
fication.

e Both of these techniques have been implemented in a par-
allel rendering system, written completely in Java, and run
on Intel processors connected by afast network. We chose
this environment to maintain flexibility, portability and ex-
tensibility of our code base.

2 Related Work

2.1 Direct illumination

Several researchers have considered the problem of accelerating
the rendering of soft shadows [8]. Woo et a. [28] survey shadow
algorithms, though this survey is somewhat dated. Severa re-
searchers have developed agorithms for computing accurate di-
rect illumination. Teller [26] showed how to compute antium-
bras and antipenumbras. Lischinski [19] introduced discontinu-
ity meshing to produce global illumination solutions with accu-
rate soft shadows. Haines [15] introduced shaft culling to speed
up visibility computation in radiosity systems. Durand et . [10]
create amesh of all illumination discontinuity events; this mesh
can be used to compute illumination due to area light sources.
Stark et al. [25] use splines to represent shadow irradiance in re-
stricted environments. More recently, Hart et al. [16] propagate
blocker information in image space to render analytically correct
soft shadows.

Several researchers have recently focussed on the interactive
computation of shadows: Soler et al.[24] rapidly approximate
shadow computations using hardware convolution. Parker et
al. [21] achieve interactive direct lighting by highly optimizing
aparalelized ray tracer so that casting raysis extremely fast.

2.2 Dynamic scene updates

Recently, researchers have focussed on supporting interactive
scene manipulation and editing with high-quality rendering. Sev-
eral systems support scene editing with ray-traced imagery [7, 4,
17, 20, 22] whilerestricting user manipulationsin different ways.
The most recent and flexible of these systems [4], permits the
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user to modify material properties of objects, aswell as move ob-
jectsin the scene. However, all of these systems impose a severe
restriction on the user: the viewpoint must stay fixed. Several re-
searchers have considered the problem of dynamic editing with
radiosity algorithms [6, 9, 11, 12]. Drettakis and Sillion [9] sup-
port dynamic editing by augmenting the four-dimensional link
hierarchy in a hierarchical radiosity system. The drawback of
these systems is that they only support pure diffuse surfaces.

Balaet d. [3] support scene editing with changing viewpoints
in their ray tracing system. Their rendering system computes ra-
diance interpolants that accelerate rendering by approximating
radiance. They introduce ray segment trees to track dependen-
cies of radiance interpolants and update them at interactive rates.
However, their rendering times are not interactive.

Arvo and Kirk [2] use a five-dimensional representation of
rays to accel erate ray-object intersections.

3 Rendering System
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Figure 1. Rendering system.

This section describes the overall structure of the system. A
user sends navigation commands and geometry/material/lighting
changes to the rendering system, which interactively produces
images that are displayed to the user.

The system is split into three modules. The first module is the
dynamic visibility updater. It takes in bounding box descriptions
of scene modifications and produces a set of patches that must
have their local illumination environments updated. This set of
patches is provided to the second module, the local illumination
environment constructor.

The loca illumination environment constructor uses this set
of patches to recompute the necessary local illumination envi-
ronments. This module is also continuously computing local il-
lumination environments as a user navigates the scene. These
local illumination environments are passed to the shaders.

The shaders consist of several parallel renderers that use local
illumination environments to render the pixels assigned to them.
The renderers are not synchronized with the local illumination
environment constructor, so the shaders do not have to wait on
the results of local illumination environment construction. Also,
computing any one pixel does not depend on the computation of
any other pixel, so there is no communication between the ren-
derers. The computed pixels are sent over a high-speed network
where they are assembled into a single image.

The rest of this paper is organized as follows. Section 4
describes how local illumination environments are constructed.

Section 5 describes how dynamic scene modifications are sup-
ported. Section 6 presents results, and finally, we conclude with
adiscussion of future work in Section 7.

4 Local lllumination Environments

Thelocal illumination environment associated with a patch isthe
subset of the original scene, not necessarily determined by ge-
ometric proximity, that can significantly influence the illumina-
tion at the patch. Therefore, illumination at a patch computed
using the local illumination environment does not differ signifi-
cantly from that computed by using the entire scene. Rendering
using the local illumination environment is substantially accel-
erated because the local illumination environment is often much
simpler than the entire scene. As shown in Section 6, using local
illumination environments allows significant speedup over ren-
derers that use traditional acceleration structures. One impor-
tant feature of local illumination environments is that they are
view-independent; since a local illumination environment does
not change with the viewpoint it can be reused from frame to
frame.

For adirect lighting shading model, the local illumination en-
vironment for a patch consists of a set of light sources (emitters)
that are visible to the patch, and for each visible emitter, alist of
objectsthat may partialy occlude the emitter. Thislist of objects
iscalled ablocker list. Thus, each local illumination environment
consists of a set of emitters, and their associated blocker lists (if
any). Notice that a blocker list is associated with a patch-emitter
pair.

Section 4.1 describes how local illumination environments are
constructed. Section 4.2 describes how local illumination envi-
ronments are used when rendering images. Section 4.3 describes
several important design trade-offsin the design of thelocal illu-
mination environment constructor module.

4.1 Constructing local illumination environ-
ments

For optimal performance, local illumination environments
should be simple. Ideally, the local illumination environment for
each patch should include only emitters that affect illumination
at the patch. Similarly, for each visible emitter in a locdl illu-
mination environment, the associated blocker list should only in-
clude the blockers that actually occlude the emitter. Computing
this minimal blocker list is potentially expensive. Therefore, we
sample the visibility between a patch and emitter to determine
blocker lists, as done in [16].

The construction of the local illumination environments for
all patches in the scene can be considered to be the successive
computation of the blocker listsfor each patch-emitter pair in the
scene. Local illumination environments are constructed lazily.
Section 4.3.3 describes how patch-emitter pairs are selected for
blocker list construction as the user navigates the scene.

Assuming apatch-emitter pair is selected, itsblocker list isde-
termined by casting rays from the patch to the emitter to compute
visibility, and adding occluding objects (if any) to the blocker list
of the patch-emitter pair. There are three cases that arise when
computing visibility between a patch-emitter pair:

e Fully occluded. If al rays from the patch to the emitter are
occluded, the emitter is excluded from the local illumina-
tion environment for the patch. When shading this patch,
no visibility computations are performed for that emitter.

e Fully visible. If al rays from the patch to the emitter are
visible, the emitter is included with an empty blocker list
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Figure 2: Constructing blocker lists. (a) Constructing the local
illumination environment for the three patch-emitter pairs. (b)
Thelocal illumination environment for the patch.

in the local illumination environment of the patch. Again,
when shading this patch, no visibility computations are per-
formed for that emitter; only shading is computed.

e Partidly occluded. If some of the rays from the patch to
the emitter are occluded, the corresponding occluders (or
blockers) are added to the blocker list for that patch-emitter
pair. When shading the patch, visibility is computed only
with respect to this blocker list.

Figure 2 depicts how blocker lists are computed for a patch
in the scene. Figure 2-(a) shows some rays cast from the patch
to each emitter; emitters 1 and 2 are partially blocked, while
emitter 3 is fully visible to the patch. The blocker lists for
the corresponding patch-emitter pairs are shown in Figure 2-(b).
The blocker list for emitter 1 includes the vertical face of the
cube shown. The blocker list for emitter 2 includes the sphere.
Note that the algorithm does not restrict blockers to be polygo-
na patches; arbitrary ray tracing primitives are permitted. The
blocker list for emitter 3 is empty, and emitter 3 is marked as
fully visiblein the local illumination environment for the patch.

4.1.1 Patch subdivision

Rendering a fully occluded or fully visible patch-emitter pair is
inexpensive since no visibility computations are necessary. Ren-
dering a partially occluded patch-emitter pair requires computa-
tion proportional to the size of its blocker list because visibil-
ity computations are done with respect to each blocker in the
list. Large input patches are more likely to have large blocker
lists, e.g., the floor or ceiling in an indoor environment. There-
fore, to improve rendering performance, patches whose locdl il-
lumination environment include a large blocker list are automat-
icaly subdivided. Patches are defined with respect to the two-
dimensional coordinates of a surface. Thus, if there exists an

uniform mapping from the unit square to the surface of an ob-

ject, patches can be defined over that surface. Patch subdivision

is done through a quad-tree subdivision of the unit square repre-

senting the object surface. This quad-tree of patchesis called a

patchtree. Thereisone patch tree per surface in the environment.
A patch treeis subdivided if two conditions hold:

e theblocker listsfor the patch tree are too complex (i.e., they
contain more than a specified number of blockers); and

e the surface area represented by that patch tree is above a
certain threshold.

4.1.2 Shaft sampling

Since visibility is computed by sampling, it is possible that a
blocker is not included in a blocker list due to insufficient sam-
pling. Thus, the accuracy of the blocker lists depends on the
number of sample rays used to compute the lists. Asthe number
of samples increases, the probability of missing a contributing
blocker or emitter decreases. Section 4.3.2 describes how ad-
ditional samples are automatically acquired so that blocker lists
converge over time.

An alternative technique to determine blocker lists is shaft
culling [14]. Shaft culling produces conservative blocker lists
by finding all potential blockers that lie in a shaft from the patch
to the emitter. However, shaft culling is too conservative; for
example, in Figure 2, shaft culling would probably include all
the faces of the cube in the blocker list for emitter 1. Unlike
shaft culling, our technique only samples the shaft; while this
approach may miss some objects from the shaft, every object in-
cluded in the blocker list is guaranteed to be contained within the
shaft. Increasing the number of samples decreases the probability
of missing a potential blocker. Thus, over time, this method will
convergeto the right solution while alwaysincluding the smallest
number of blockers possible given the information collected.

4.2 Shading with local illumination environ-
ments

Once patch-emitter blocker lists are constructed, the renderer
computesdirect illumination by using thelocal illumination envi-
ronment for each visible patch in theimage. A pixel is shaded by
first tracing a ray through the scene to find the point of intersec-
tion. Once the point of intersection is determined, shadow rays
are cast to each of the light sources. However, where a standard
ray tracer would trace shadow rays to all light sources through
the entire scene, our algorithm casts rays only to lightsin the lo-
cal illumination environment for the intersected patch and checks
for intersection only with objectsin its blocker lists.

Radiance is computed along the shadow rays that are not
blocked, and multiplied by the BRDF at the surface of the patch.
It is important to note that for specular BRDFs, a direct light-
ing local illumination environment is insufficient to produce a
compelling image. Thus, if the scene includes an object with a
specular BRDF, rays that intersect that object are traced in the
same way that a standard ray tracer would.

Patches are not stored in the same acceleration structure used
by higher level objects to determine eye ray visibility. Instead,
once the surface coordinates of the intersection point are deter-
mined, the associated patch treeis traversed to determine the lo-
cal illumination environment to use for that point. Thisisamore
appropriate search structure for patches than aregular grid since
they are defined over a surface. Traversing this structure adds an
additional cost that is not incurred by a standard ray tracer; but,
we have found that this cost is negligible.
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This algorithm achieves significant speedups by eliminating
visibility computations for fully visible and fully occluded patch-
emitter pairs. Asshown in Figure 10, asignificant fraction of the
of the patch-emitter pairs in the scene fall into one of these two
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Figure 3: Shaders. (a) Renderer uses blocker lists when shading
pixels. (b) Output image with direct illumination on all patches,
including shadows.

Figure 3 depicts how blocker lists are used when rendering
an image. Figure 3-(a) shows some eye rays traced through the
image plane along with shadow rays traced by the renderer to
compute illumination at each visible patch. Our algorithm accel-
erates the computation of shadow ray visibility. Eyeray visibility
is computed as in a standard ray tracer. Figure 3-(b) shows the
final image.

4.3 Design Issues

This section describes several design trade-offs that are ad-
dressed by the system.

4.3.1 Asynchronous

The local illumination environment constructor is an asyn-
chronous process that computes local illumination environments
as the user navigates the scene. Local illumination environments
areinitially computed for large patches and are refined over time
as the system is used. The advantage of on-line computation of
local illumination environments is that they are only computed
for the portions of the scene that are currently visible to the user.
It is also possible to dynamically garbage collect local illumina-
tion environments for surfaces that the user is no longer looking
at. This method can lead to some artifacts as the user observes
new portions of the scene that do not have their local illumination
environments fully computed as yet. These artifacts typicaly
clear up quickly.

4.3.2 Blocker list quality

Computing blocker listsis a stochastic process and as such, it is
possiblethat some emitter or some blocker may be missed. These
errors show up either as dark patches or missing shadows. Since
we normally operate in an on-line mode and the blocker lists
are continually refined, such errors go away in time. However,
incompl ete blocker lists are objectionable to the user.

To minimize these artifacts, we use the concept of blocker
list quality. Blocker list quality is a measure of how confident
we are that the contents of the blocker list are complete. Cur-
rently, we use a ratio of samples computed to patch area to ap-
proximate this measure. A blocker list is not used by the ren-
derers until the blocker list quality is above a certain threshold.
Instead we continue to use the blocker lists of the patch’s par-
ent (a pre-computation could be performed to make sure that all
root patches have a high quality blocker list) until the blocker list
quality is high enough.

4.3.3 Picking patch-emitter pairs

The local illumination environment constructor selects a patch
by randomly choosing areceiver patch in proportion to the num-
ber of pixels the patch occupies on the screen. This is possible
because blocker lists are constructed concurrently while render-
ing images. Thus, arandom pixel on the screen is selected, and
the closest visible patch from that pixel is picked for blocker list
construction.

Once a patch is selected, there are two possible methods to
select an emitter. Thefirst method is to randomly pick one of the
emittersin the scene. This method does not work well in environ-
ments with many emitters since most emitters are fully occluded
with respect to a single patch. Therefore, a second method is
considered that is similar in spirit to that proposed by [23]. A
uniform subdivision grid over the entire scene is maintained with
alist of emitters in each cell of the grid. Each cell in the grid
represents the set of emitters possibly visible from some point
within the cell.

Initially, emitters are picked at random, as in the first method,
but these emitters are stored in the grid as they are found. As
the grid becomes populated, the algorithm switches to randomly
picking emitters from the appropriate cell, instead of from the
global list of lights. The cell is selected according to the point
on the patch from which aray is cast. The benefit of using this
grid isthat it directs computation of blocker lists to emitters that
aremore likely to contribute to the illumination from the receiver
patch.

5 Dynamic Visibility

As described in Section 4, loca illumination environments are
view-independent; i.e., when the viewpoint changes, blocker lists
can be reused from frame to frame. However, when objects in
the scene move, some of the blocker lists become incorrect. For
example, Figure 4 depicts three patches in a scene, along with
some of the rays traced by the local illumination environment
constructor to determine blocker lists for each patch. When an
object with bounding box b isadded to the scene, the blocker lists
for patches P, and P, are no longer correct, while the blocker
list for patch Py is unaffected by the addition of the object. If the
blocker listsfor patches P, and P, are not updated, the rendered
image will incorrectly missthe shadow cast on the patches by the
new object.

This section presents an algorithm to efficiently identify all
blocker lists that might be affected by a change to the scene.



Program of Computer Graphics Technical Report: PCG-00-02, Cornell University

/&Iﬁer L

Patch pQ

_ %ﬁter L
add b \
) Patch po~>~ E

Patch p4

Patch po Patch pp

Patch P1

Figure 4: Blocker lists for patches P, and P» are no longer cor-
rect when b is added to the scene.

When the scene is changed, the algorithm has to satisfy two
goals:

e Correctness. For correctness, al the blocker lists affected
by the scene change must be identified;

o Efficiency. For efficiency, only the blocker lists affected by
the change to the scene must be updated.

The blocker list for each patch-emitter pair in the scene de-
pends on some region of space; Figure 4 shows these regions
as shaded areas. To correctly update blocker lists, the algorithm
must conservatively characterize these regions. Section 5.1 de-
scribes adual space [3], called ray segment space, in which each
dependency region of a blocker list can be represented conve-
niently. Section 5.2 describes a data structure, called aray seg-
ment tree, that stores the dependency regions. Section 5.3 de-
scribes how this data structure is used to rapidly identify the
blocker lists affected by a change in the scene.

5.1 Ray segment space
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Figure 5: Ray segment space. The dependency region of the
patch P on emitter L isrepresented by the green box in (p, g, t)-
space.

A dual space is used to represent the regions of world space
that can affect a blocker list. For simplicity, we first consider a
2D scene in which we must represent all lines through patch P
and emitter L. Each line ! in 2D world space from P to L can be
parameterized by the two intercepts (p, ¢) it makes with apair of
parallel axes surrounding the scene, as shown in Figure 5. This
parameterization is the 2D equivalent of the two-plane parame-
terization described in [13, 27] *. The four extremal lines shown

Linthis parameterization, four such pairs of axes are required to repre-
sent all lines that pass through a scene. However, other parameterizations
of lines are also possible as described in [5, 18].

in Figure 5, from each end of patch P to each end of emitter L,
conservatively bound al lines from P to L. Thus, dl lines from
P to L can be conservatively represented by arange (po, go)—
(p1,q1), asshown in the light blue region of Figure 5. The prob-
lem with this conservative representation is that it also includes
regions of space that do not affect the blocker lists. For example,
in the figure, when an object with bounding box b is added to the
scene, the blocker list for the patch-emitter pair P-L is marked
as potentially affected, even though b does not block any of the
raysfrom P to L.

For efficiency, a more accurate representation of the depen-
dency regionsisrequired. Thisaccuracy isachieved by adding an
additional dimension ¢ that represents the distance along aray (as
shown in the figure). Thisdual three-dimensional (p, q, t)-space,
called ray segment space, has the following property: a box in
this space represents a shaft of bounded rays (or ray segments) in
world space, connecting two parallel line sesgments. Together, all
the rays from the patch to the emitter can be conservatively rep-
resented by a box (po, go, to)—(p1, g1, t1), shown on the right
in Figure 5. The dependency region represented by this box in
world space is shown on the |eft in green.

Extending this discussion to 3D scenes, each line in 3D can
be represented by the four intercepts (p, q,r, s) it makes with
two parallel rectangles surrounding the scene 2. With the addi-
tional ¢ dimension, the ray segment space is a five-dimensional
space. Thus, each blocker list depends on aregion of world space
that can be represented by afive-dimensional box in ray segment
space.

5.2 Ray segment trees

Theblocker list dependency regions are stored in adata structure,
called theray segment tree [3], that is used to rapidly identify the
blocker lists affected by a change in the scene. When the local
illumination environment constructor determines a blocker list
for a particular patch-emitter pair, the dependency region of that
blocker list in ray segment space is computed as described in the
previous section. These dependencies, represented as boxes in
ray segment space, are then stored in a ray segment tree that is
constructed over ray segment space. The root of the ray segment
tree represents all ray segments that pass between two parallel
rectangles surrounding the scene. Since there are six such pairs
of parallel rectangles, six ray segment trees are built: one for
each pair of parallel rectangles surrounding the scene.

q Axis >
Emitter L
Emitter L
o 0
2
x
<<
R
Patch p4
Patch pg
p Axis >
world space ray segment space

Figure 6: Ray segment trees. Each of the dependency regionsin
world space is represented by a box in ray segment space. Ray
segment trees are constructed over this space.

2Six such pairs of parallel rectangles are required to represent al the
rays that intersect a scene.
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Each node in the ray segment tree stores ten coordinates
(po, qo, To, S0, to)—(pl, qi,T1,S1, tl) that define a 5D bound-
ing box in ray segment space. The root node of the tree cor-
responds to the 5D box (0,0, 0,0,0)—(1,1,1,1,1), and repre-
sents all ray segments that pass through the scene from the front
face to the back face of theray segment tree. When aray segment
tree node is subdivided along each of the five axes, thirty-two
children are created. The ray segments represented collectively
by the children include all rays segments represented by the par-
ent. When aray segment tree node is subdivided, each of the
dependency regions stored in the parent node are copied down
to the appropriate children; the dependency regions are recom-
puted with respect to the new children, to represent the part of
the dependency region that liesin the appropriate child.

Figure 6 shows four patch-emitter pairsin 2D world space and
their corresponding dependency regions, shown as shaded poly-
gons on the left. On the right, the corresponding boxes that rep-
resent each of those dependency regions in the root node of the
corresponding ray segment tree are shown, appropriately shaded.
The blue plane shown in ray segment space is one of the three
cutting planes that subdivide the ray segment tree node shown.

5.3 Identifying affected blocker lists

When the scene changes, for example, by the movement of ob-
jects, addition of new objects, or deletion of existing objects, the
ray segment trees are traversed to find the blocker lists that are
affected. Note that our system treats object movements as object
deletions from the old location and object additions to the new
location; the cost of performing these operations is small enough
that it is not worth optimizing further.
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Figure 7: Traversing ray segment trees. When box b is added to
the scene, the ray segment trees are rapidly traversed to find the
affected blocker lists.

Figure 7 depicts the action of the algorithm when a 2D object

with bounding box b is edited. Starting at the root node of the ray
segment tree, b istested against the shaft that represents the node.
If thereis an intersection, b is tested against each of the children
of the ray segment tree node that intersects b. The agorithm
walks down the ray segment tree, recursively testing against the
appropriate ray segment tree nodes until it reaches the leaves.
Then, the algorithm tests against each blocker list stored in the
leaf, to find the patch-emitter pairs that are affected by the edit.

6 Results

6.1 Implementation

The system currently runs on a cluster of eight shared-memory
quad-processor Pentium-111 550 MHz systems. The computers
are connected together by a Myrinet gigabit network, although
the renderer uses only about 40 Mbps of network bandwidth.

Seven machines are used as shaders, and one machine is used
for the local illumination environment constructor. The model
and the blocker lists are duplicated on al eight machines, but
within each machine, all four processors share the model and
blocker lists. One dual processor Pentium-111 550 MHz system
isused for the display of images and for interpreting user input.

All of the codeiswritten in Java 2 and is run using Sun’'s JRE
1.2.2. The code has not yet been optimized and we have consis-
tently chosen generality, flexibility, and portability over perfor-
mance. Asaresult, it is relatively easy to include new types of
primitives and materials with different BRDFs. Communication
is done over standard Java TCP/IP sockets.

The ray tracer is a stochastic ray tracer augmented to support
local illumination environments and dynamic visibility. Area
sampling of the light sources is not purely random: the same
sample points on the emitters are chosen every time, introducing
banding, but removing pixel noise.

6.2 Scene Descriptions

Three models are used to evaluate the performance of these al-
gorithms: Model 1, shown in Figure 8-(a), has approximately
9k patches, one area light source, and purely diffuse materials.
Model 2, shown in Figure 8-(d), is similar to Model 1, except
that it includes a glossy floor and a mirror-like reflective table-
top. Model 3, shown in Figure 9, has approximately 20k patches
and six arealight sources.

Rendering results presented in this section report performance
for a 512x512 image. The synchronous component of the ren-
derer uses 28 processors, while the loca illumination environ-
ment constructor uses 4 processors. The dynamic visibility mod-
ule has not been parallelized; therefore, al timing resultsfor dy-
namic visibility are on a single processor. All results are pre-
sented for one representative image in the scene, shown in Fig-
ure 8-(c).

6.3 Material properties

Figure 8 shows Model 1 evaluated with some of the different
BRDFs supported by our shaders. Figure 8-(a) includes purely
diffuse surfaces. Figure 8-(b) includes a mirror-like reflective
table-top and a diffuse floor. Figure 8-(c) includes a glossy table.
Finaly, Figure 8-(d) includes a mirror-like reflective table-top
and a glossy textured floor. Notice the high quality of the soft
shadows cast by the chairs on the floor, and the reflections of
objectsin the table-top.
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(b)
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Figure 8: Museum scene with different BRDFs: (a) diffuse materials, (b) reflective mirror-like table-top, (c) glossy table-top, (d)
reflective table-top, glossy textured floor.
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Figure 9: Model 3 with six area light sources.

6.4 Lighting and scene complexity

Our techniques increase in effectiveness with the complexity of
occlusions in a scene. Rendering performance is also improved
when high-quality images with soft shadows are required. Fig-
ures 8 and 9 show images of Model 1, Model 2 and Model 3
produced by our renderer. The images have smooth soft shad-
ows, each image was produced by casting 100 shadow rays per
emitter.

Shadow rays 0 1 20 100
Our system (sec/frame) | 0.18 | 0.24 | 0.36 | 0.67
Standard rt (sec/frame) | 0.18 | 0.39 | 2.76 | 12.78
Speedup 11163 767 | 19.07

Table 1: Performance and speedup with respect to shadow rays.
Asthe number of shadow raysincreases, our systemisup to 20x
faster than the standard ray tracer.

Table 1 presents timing results for Model 1 as the lighting
complexity of the scene increases. As larger numbers of shadow
rays are traced for higher quality soft shadows, our system per-
forms increasingly better than a standard ray tracer. When no
shadow rays are traced, both ray tracers only compute visibility
along each eye ray. Since our algorithm does not accelerate this
computation, there is no speedup for these images. However,
when more shadow rays are cast, our agorithm is up to 20x
faster than the standard ray tracer. Even greater speedups are ob-
tained when more than 100 shadow rays are cast, but this would
not substantially improve image quality. Similar frame rates, 1
to 2 frames per second, are obtained for the more complex scene
in Model 3.

6.5 Patch subdivision

Figure 10 shows the effect of increasing patch subdivision while
constructing blocker lists. As patches are refined, their blocker

lists typically decrease in size, thus improving rendering perfor-
mance. In the figure a color-coded image of Model 1 is shown,
where the colors represents visibility with respect to the single
emitter in the scene. Green represents full visibility, blue rep-
resents full occlusion, and shades of gray represent increasing
numbers of blockers in a partialy visible patch. Black repre-
sents only one blocker and white represents ten or more block-
ers. As the minimum patch size decreases from Figure 10-(a)
to Figure 10-(d), the number of gray patches decreases, while
the number of green and blue patches increases. For the gray
patches that remain, the length of the blocker lists decreases, as
can be seen by the darkening of the white patches.

Minimum patch size 1% | 0.1% | 0.01% | 0.001%
Number of patches 45k | 5.5k 9k 19k
Our system (sec/frame) 2] 094 0.67 0.64
Standard rt (sec/frame) | 12.78 | 12.78 | 12.78 12.78
Speedup 6.4 | 136 19 20

Table 2: Performance and speedup with respect to minimum
patch size. The minimum patch size is specified as a percent-
age of the largest polygon in the scene. As the minimum patch
size decreases, the number of patches increase, and performance
with respect to the standard ray tracer improves.

Table 2 presents system performance as the minimum patch
size decreases. From left to right, patch sizes are decreased by
factors of ten resulting in the number of patches shown in the ta-
ble. The patch sizes are specified as a percentage of the largest
polygon in the scene. As the number of patches increases, our
technique produces increasingly greater speedups, from 6x to
20x, while improving frame rates. Since decreasing the mini-
mum patch size to 0.001% does not substantially accelerate the
ray tracer, we select aminimum patch size of 0.01% for Model 1.
This prevents unnecessary subdivision of patches. This mini-
mum patch size is currently picked manually, but a simple cost
model should be able to predict an appropriate value.

Since most local illumination environments are simple, with
only afew blockers (if any), the memory required to store local
illumination environmentsisvery small: lessthan 5 MB for these
scenes.

6.6 Dynamic Visibility

Figure 11 shows rendered images produced by our system asthe
user moves objects in the scene. Notice the correct shadows cast
by the cube on the floor in Figure 11-(a), and the reflection in
Figure 11-(b). Asthe box ismoved in Figures 11-(c) and (d), the
shadows cast by the left wall on the box and the shadows cast by
the box on the floor and the right wall are correctly updated.

Minimum patch size 1% 0.1% | 0.01%
Timein seconds 0.1-09 | 0.12-1.0 | 0.3-1.5
Memory in MBs 45 6 20

Table 3: Performance of the dynamic visibility module with de-
creasing patch size. The dynamic visibility module responds at
interactive rates. Note that these timing results were obtained on
asingle processor.

Table 3 presents timing and memory results for Model 1 as
the cube is moved by the user through the scene. As the number
of patches increases, the time to update affected blocker listsin-
creases from 0.1 up to 1.5 seconds. Memory requirements also



Program of Computer Graphics Technical Report: PCG-00-02, Cornell University

(b)

(d)

Figure 10: Color-coded images show complexity of local illumination environments. Green represents full visibility, blue represents full
occlusion, and shades of gray represent increasing numbers of blockers in a partialy visible patch.

increase to store more dependencies. However, even for the patch
size that results in optimal rendering performance (0.01%), the
dynamic visibility module finds all affected blocker lists at inter-
active rates. Also, these timing results were obtained on asingle
processor. Therefore, straightforward parall€elization of this com-
putation should enable real-time updates.

The memory usage of the algorithm is modest; less than 20
MB. Similar results are obtained for the movement of the box in
Figures 11-(c) and (d).

7 Conclusions

This paper presents an interactive renderer that computes direct
illumination in dynamic scenes with soft shadows and supports
complex BRDFs. A user can both navigate and modify the scene
interactively. To achieve this rendering performance, this pa-
per introduces the concept of the local illumination environment,
which caches visibility information and is reused from frame to
frame. The local illumination model for each patch is the scene
is computed asynchronously and is used by the shaders to ac-
celerate the tracing of shadow rays. Automatic patch subdivision
accel erates rendering performance by simplifying local illumina-
tion environments.

The ray segment tree, a five-dimensional hierarchica data
structure, is used to track dependencies of the local illumina-
tion environments. When the scene is modified, these trees are
rapidly traversed to identify local illumination environments that
are affected by the modification and need to be computed.

We have presented results for a parallel renderer written en-
tirely in Java. Our results show that the system achieves inter-
active performance, with speedups from 10x to 20x in scenes
containing soft shadows. The memory usage of the algorithms
described is modest.

There are several avenues of research that can be explored in
this system. Thisimplementation only used direct lighting local
illumination environments. We would like to extend this concept
to indirect lighting by capturing indirect sources of illumination
in thelocal illumination environment. The approach of Drettakis
and Sillion [9] can be adapted to this purpose to support dynamic
visibility. Accelerating the eyeray visibility determination would
further improve rendering frame rates. A variety of techniques
seem applicable [1].
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Figure 11: Effect of dynamic object movement: (a)-(b) red cube is moved in Model 1, (c)-(d) brown box is moved in Model 3. Notice
the shadows cast by the moving cubes on the environment.
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