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Abstract

Interactive rendering of soft shadows (or penumbra) in scenes with moving objectsisa challenging problem. High
quality walkthrough rendering of static scenes with penumbra can be achieved using pre-calculated discontinuity
meshes, which provide a triangulation well adapted to penumbral boundaries, and backprojections which provide
exact illumination computation at vertices very efficiently. However, recomputation of the compl ete mesh and back-
projection structures at each frameis prohibitively expensive in environments with changing geometry. Thisrecom-
putation would in any case be wasteful: only alimited part of these structures actually needsto be recal culated. We
present a novel algorithmwhich uses spatial coherence of movement aswell astherich visibility information exist-
ing in the discontinuity mesh to avoid unnecessary recomputation after object motion. In particular we isolate all
modifications required for the update of the discontinuity mesh by using an augmented spatial subdivision structure
and we restrict intersections of discontinuity surfaces with the scene. In addition, we develop an algorithm which
identifies visibility changes by exploiting information contained in the planar discontinuity mesh of each scene
polygon, obviating the need for many expensive searches in 3D space. A full implementation of the algorithm is
presented, which allows interactive updates of high-quality soft shadows for scenes of moderate complexity. The
algorithm can also be directly applied to global illumination.
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\olume 16, (1997), Number 3

scenes.

1. Introduction

High quality rendering for scenes lit by area light sources
is an important component of any lighting system. Such dis-
play istypically performed using ray-casting to successfully
render the soft shadows or penumbra . An alternative ap-
proach is the use of discontinuity meshing with backpro-
jections. The discontinuity mesh provides an initial decom-
position of the scene which is used to create a subdivision
into simple polygons, whose edges are well adapted to the
penumbra contours and the discontinuities of illuminationin
the interior of partially shaded regions 2 3. The computation
of the full discontinuity mesh (capturing all illumination dis-
continuities due to the light source) permits the calculation
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of backprojections 2 4. The backprojection structure encodes
exact visibility of any point in the scene with respect to the
light source, thus providing exact illumination (irradiance)
values at the vertices of the subdivision and at any point in
the penumbra. Very high quality rendering of soft shadows
can be achieved in this manner, using a polygonal decom-
position on a graphics hardware pipeline. We are therefore
abletointeractively visualise scenes with accurate soft shad-
ows on graphics workstations as long as the objects in the
scene do not move. If the geometry changes, existing algo-
rithms require the compl ete recomputation of the discontinu-
ity mesh and the backprojections, which is prohibitively ex-
pensive, and definitely precludes user interaction.

In this paper we present an algorithm which allows inter-
active rendering of high quality shadows for scenes where
objects move, which we call dynamic scenes. Our new algo-
rithmisbased on discontinuity meshing and backprojections,
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thus providing accurate soft shadows for interactive display.
To achieve interactive update rates for dynamic scenes, the
agorithm exploits spatial coherence of the required modifi-
cationsto the data structures rel ated to shadows and the local
nature of changes in the discontinuity mesh. This locality is
encoded intherich structure of the discontinuity mesh, which
permitsusto identify the visibility events by simply examin-
ing the planar discontinuity mesh on the polygons.

This novel algorithm is useful in severa contexts. Since
primary illumination is dominant in many situations, high
quality direct lighting with soft shadows can be used as a
standal one interactive visualisation program offering amuch
higher level of realism compared to traditional point-source
interactive lighting systems. In addition the algorithm can be
used as a first interactive design phase before a global illu-
mination solution, for object placement and general model-
ing in a scene. Although we treat only direct illumination,
this approach can be applied in the context of global illumi-
nation. Our method thus opens an interesting avenue of re-
search for combined discontinuity meshing/hierarchical ra-
diosity approaches such as those previous presented 5.6, in
the context of dynamic scenes.

The strategy adopted to achieve interactive display of soft
shadows with moving objects is based on two main compo-
nents: (i) intelligent data structures which localise and thus
accelerate access to changing visibility information and (ii)
an efficient update algorithm which takes into account both
spatial coherence and visibility information contained in the
mesh. After presenting related previous work in Section 2,
we present the data structures used in Section 3 and the in-
cremental shadow update algorithm is described in Section
4. We next present the results of the implementation in Sec-
tion 5. In Section 6 we discuss future work and conclude.

2. Previouswork
2.1. lllumination in Dynamic Scenes

Most previous work in illumination for dynamic environ-
ments has concentrated on global solutions. Some research
has been performed in ray-tracing (e.g., 7), which is specifi-
cally related to the view-dependent nature of ray-tracing, and
isthus unsuitable for rendering approaches based on interac-
tive visualisation using current graphics hardware.

The output of radiosity algorithms was used very early on
with graphicshardware, permitting realisticinteractivewalk-
throughs abeit with the restriction to static environments.
Thefirst attempt to remove this restriction was the approach
of Baum 8, in which motion was predetermined and the re-
gion of space affected was preprocessed to accel erate the cal-
culation of form-factors for each frame.

More involved approaches, based on the progressive re-
finement radiosity algorithm were presented by George et
al. 9, and also Chen et a. 10, In these approaches moving

shadows were treated by re-shooting energy to remove them
from their previous positions, shooting negative energy to
reinstate them elsewhere. Modifications in the environment
had to be ordered by a queue due to the nature of progressive
refinement. Special attention was paid to efficiently treating
shadows due to direct illumination. A more involved data
structure for maintaining shadow form-factor lists has been
presented 1 for progressive refinement radiosity.

A first approach for hierarchical radiosity has been pre-
sented 12. A similar approach was presented by Shaw 13. In
thiswork, a“motion volume” was used to identify the links
affected by the displacement of an object.

2.2. Discontinuity Meshing for High-Quality
Illumination

For polygonal sceneslit by area sources, discontinuity mesh-
ing 14.15.2 4 wasintroduced to improve the quality of render-
ing for scenes containing soft shadows. To create the discon-
tinuity mesh with respect to a source, discontinuity surfaces
are cast into the environment. These surfaces are the interac-
tion of an edge and avertex (EV surface) or three edges (EEE
surface 16.17). The reader unfamiliar with discontinuity sur-
facesis strongly encouraged to refer to the appropriate refer-
ences16.2 4, Algorithmswhichtreat all such events16.2 4, can
then incrementally compute the backprojection data struc-
ture, which encodes al visibility information with respect to
the source.

A first approach for dynamic environments rendering us-
ing discontinuity meshing with BSP trees was devel oped for
point light sources by Chrysanthou and Slater 28.

Worral et a. have presented a new approach for area
sources 9. Intheir method, illumination iscomputed on atri-
angulated discontinuity mesh in the context of aprogressive-
refinement radiosity method. The discontinuity mesh ver-
tices are updated by taking into account certain visibility
changes. Triangular mesh coherence is maintained and ra-
diance values are updated for each triangle of the mesh by
shooting the irradiance difference compared to the previ-
ous mesh. An interesting criterion is introduced, determin-
ing whether a change in visibility occurs in the mesh. This
approach is limited to EV discontinuity surfaces, with ver-
tex V on the source. Moreover, the focus of Worral et al.'s
work is the update of the triangulation, whose cost is min-
imal compared to the casting of discontinuity surfaces, es-
pecidly in complex environments. It is important to note
that the approach presented in 19, computes an incomplete
mesh, since EEE and other important discontinuity sur-
faces are ignored. As a consequence, backprojections can-
not be computed. Visibility must thus either be approximated
(e.g., by ray-casting), or be calculated by clipping the entire
scene against the source, which isextremely expensive. Such
visibility computation typically dominates the computation
time>.

(© The Eurographics Association 1997
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In contrast, our new approach istotally different, sincethe
complete discontinuity mesh and backprojections are incre-
mentally updated at each frame. The exact visible part of the
source can thus be determined very cheaply at any point in
the penumbra, without a visibility calculation, since thisin-
formation is encoded with the backprojections 2. Thus at ev-
ery frame, we have exact (analytical) irradiance valuesfor all
the vertices in the mesh. Before presenting the complete al-
gorithm, we describe important data structures used inthe al-
gorithm.

3. Data Structuresfor Efficient Update

In this section we present the data structures used to accel-
erate the update of shadows in dynamic scenes. In what fol-
lows we define as static the edges and vertices which belong
to static objects, i.e. objects which do not move. The object
that moves will be referred to as the dynamic object. We de-
fine as dynamic edges and vertices which belong to the dy-
namic object. Asaconsequence, we call dynamic discontinu-
ity surfaces, the EV or EEE surfaces which are defined by at
least one edge or vertex of the dynamic object, and static dis-
continuity surfaces those which are defined entirely by static
edges or vertices. Finally, amesh edge or mesh vertex, isa
two-dimensional edge or vertex which is part of the planar
discontinuity mesh cal culated on each scene polygon. Weuse
awinged-edge data structure used to store the mesh and ac-
cess it efficiently 2. The deletion of mesh edges can thus be
performed locally and rapidly, aswell astheincremental up-
date of backprojections.

Thethree data structures used to localise and thus acceler-
ate access to information which modifies visibility and thus
shadow calculations at each frame, arethefollowing: (8) dis-
continuity surface storageinthespatial subdivision structure,
(b) the motion volume and (c) intersection lists for modified
discontinuity surfaces.

3.1. Storage of the Discontinuity Surfacesin the Spatial
Subdivision

The sceneis decomposed into aregular grid 20, used for effi-
cient casting of discontinuity surfaces2. Each voxel contains
the list of polygons that cut it. In addition to this we add the
list of discontinuity surfaces which intersect the voxel. This
list is created on-the-fly, during the propagation of disconti-
nuity surfaces. An example of thislistisshownin Fig. 1.

The lists of discontinuity surfaces associated with each
voxel allow the rapid identification of all visibility events af-
fecting an areaof space, by simply traversing the correspond-
ing voxels. Asaconsequence, we can perform efficient incre-
mental updates in the region of a moving object.

The storage overhead of the listsis small (between 65 and
300 Kb) for the test scenes presented in the results (see Sec-
tion 5), which use a moderately-sized grid (15x15x15).

(© The Eurographics Association 1997

Figure 1: Discontinuity surfacesin a voxel (see also colour
section).

3.2. Construction of a Motion Volume

The region of space for which visibility is affected by the
motion of an object is entirely limited by the maximal (i.e.
delimiting the frontier between light and penumbra) edge-
vertex (EV) discontinuity surfaces defined by the light source
and the polyhedron of the moving object for the initial and
thefinal position. In addition thereis no change in visibility
in the region of space between the dynamic object and the
light. As an illustration see Fig. 2, where the maximal dis-
continuity surfaces are shown asthe dark grey surfaces, con-
taining all interior discontinuity surfaces, such asthat shaded
inlight grey.

Discontinuity surface
internal

/ ESource

# S\ Dynamic object

\
\
\
\

Figure2: Themaximal surfaces are shown in dark grey and
the interior surfaces in light grey. Notice that the maximal
surfaces encompass all the others.

Maximal surface/s/

Penumbra

Given this property, we can define a simplified approx-
imation to the exact volume in space affected by the mo-
tion which we call a motion volume. This volume is delim-
ited by a plane parallel to the source above the uppermost
side(i.e. closest to the source) of the dynamic object, aplane
parallel to the source plane which is completely outside the
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Intermediate vol ume\

Intersection of
maximal surfaces

Out plane —

@

Motion volume
before movement

Motion volume
after movement

| Dynamic object

Motion volume

N source

namic object

(b)

Complete motion volume

2\source

Position 2

Figure 3: Motion Volume construction: (a) The maximal surfaces of the dynamic object are intersected with the outplane: a
plane parallel to the source, and tangent to the bounding volume of the scene. The 2D bounding box of the contour of the maximal
surfaces (dark grey segment on the outplane) isfound. A four-plane volumeisthen constructed with the 2D bounding box of the
source. (b) The volume is cut by a plane parallel to the source above the object, (c) Volumes for position before and after the

move (d) Complete motion volume.

scene, and four planes surrounding the maximal surfaces (see
Fig. 3(a)-(b)).

In our current implementation three volumes are created.
One for the first position of the object, one for the final po-
sition, and one that is the bounding volume of the two pre-
vious volumes (see Fig. 3(c)-(d)). Since we consider asmall
discrete motion at each frame, we currently use the bound-
ing volume as the motion volume for updates. For larger dis-
placements, the use of the two independent volumes would
be more appropriate since their intersections would be small
or inexistant. Otherwise the bounding volume would include
too much unchanged space.

Note that this construction does not limit the dynamic ob-
ject mation in any way. At any frame, the previous and cur-
rent positions are available, and thus the user may interact
freely with the dynamic object. Given the construction of the
bounding volume, this motion can be of any type (translation,
rotation), a scale operation, or adiscrete curved trajectory.

3.3. Storage of Intersection Information with the
Discontinuity Surfaces

The casting timefor the discontinuity surfacesismainly con-
centrated in the testing and intersection parts of the casting
operation. Due to the richness of information already in the

mesh, we can avoid alarge part of this cost by storing some
additional information with the discontinuity surfaces.

Consider the case of movement shown inFig. 4(a) and (b),
corresponding respectively to the position of the dynamic ob-
ject before and after the move. We know that the only pos-
sible change in visihility for surfaces such asthose shownin
Fig. 4 can be caused by the dynamic object. Asaconsequence
we do not need to search or intersect the discontinuity sur-
face with any other object in the environment at each frame.
If the dynamic object were moving away from the disconti-
nuity surface after Fig. 4(a) it is evident that we would not
need to recompute the intersection of the discontinuity sur-
face with the environment, nor recompute the visibility on
the surface.

The intersections of the polygons with the discontinuity
surface are stored before visibility processing. An example
isshown in Fig. 5(a). Notice that after visibility processing,
which occursasa?2D operation inthe plane of the discontinu-
ity surface (or 2-D parametric space for EEE), the intersec-
tions are changed, resulting in the final mesh edges inserted
in the discontinuity mesh (e.g., two mesh edges for the floor
- see Fig. 5(h)).

Thislistisstored with thediscontinuity surface. For exam-
plethelistiy,io,iz,is in Fig. 5(3) is stored with the EV sur-
face shown. When treating a static discontinuity surface at

(© The Eurographics Association 1997
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@

(b)

Figure4: Dynamic object motion (a) the dynamic object (floating parall el epi ped) does not cut the static EV discontinuity surface,

(b) the object moves forward and cuts the discontinuity surface.

Discontinuity surface

Intersections

Discontinuity surface \

I ntersections after
visibility

Figure5: Intersection information storage (a) theintersectionsiy, io, i3,i4 (in dark grey) are stored with the discontinuity surface
before visibility computation. (b) the actual intersections (in light grey) after the visibility computation performed in the plane

of the discontinuity surface.

agiven frame, we only perform a new intersection with the
dynamic object. We thus avoid the cost of searching for and
performing intersections with &l the other (static) objectsin
the scene.

3.4. Input Scenes

As shall be seen later, we will be identifying visibility
changes based on information in the mesh (see Section 4.3).
In order to find al visibility changes, input scenes need to
be closed environments. This ensures that all discontinuity
surfaces have intersections with at least one scene polygon
at any time. This guarantees that all the information required
can be found in the mesh.

Considering only such scenes is not a strong restriction,
since open environments can easily be changed by enclosing
the scene in abox.

In addition, we suppose that the area source cannot move
since the entire mesh would have to be updated. Techniques

(© The Eurographics Association 1997

such astheVisibility Skeleton 2t are probably more appropri-
ate for this type of update, and will undoubtedly lead to ef-
ficient discontinuity mesh and backprojection a gorithms for
moving sources (see al so Section 6).

4. Update Algorithm

Given the storage of discontinuity surfacesin the spatial sub-
division structure, the creation of the motion volume and the
storage of intersections with the discontinuity surfaces, we
can now present the machinery required to perform efficient
updates of the discontinuity mesh and backprojections.

The shadow update al gorithm needsto perform thefollow-
ing steps: (a) identify the volume of space modified, and col-
lect related discontinuity surfaces which need to be updated
(function findChangedSpaceAndDS); (b) identify and pro-
cess the region modified on each input polygon; (c) identify
thevisibility changes for each modified discontinuity surface
(function findAndProcessVisibilityChanges); (d) cleanup the
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@

Figure6: (a) Intersection of motion volume with polygons (see also colour section), (b) modified regions Ry, (in white).

parts of the mesh which are invalid within each region; (€)
update the mesh, and finally (f) update the shadows and the
illumination.

In this manner we will have performed the necessary up-
dates in the parts of the discontinuity mesh affected, and
thus the soft shadows will correspond to the new position of
the object. Both spatial coherence using the motion volume,
and the information in the mesh are used to identify poten-
tia changes in visibility. Note that after these updates, the
discontinuity mesh and backprojections are entirely recom-
puted, and the values of irradiance in the penumbra correct.
We examine each step of the algorithm in detail.

4.1. ldentification of Affected Discontinuity Surfaces
and Mesh Region

We first identify (using the grid) all discontinuity surfaces
and polygons contained in the motion volume. The discon-
tinuity surfaces concerned areinserted into alist DS; for the
dynamic surfaces, and DS for the static surfaces. The inter-
section Ryg of the volume with each polygon is then com-
puted, asshownin Fig. 6(a). Theintersections Ryq of thevol-
ume with the polygons concerned are outlined in Fig. 6(b)
in white. This two-dimensional polygon Ryq isin effect the
modified region for each input polygon.

4.2. Processing of Mesh Edgesin Modified Regions

Dueto thewinged-edge data structure used to store the mesh,
we can efficiently identify the mesh edges which are modi-
fied. In particular, we find the mesh face containing a corner
of Ryq and search all neighbouring facesrecursively until no
mesh edges crossing or contained in Ryy can be found.

For each mesh edge we identify those which need to be
deleted. All dynamic mesh edges will be removed, as well

(b)

processM odifiedEdges() {
foreach input polygon p

Poly2d Ryq = modified region of p

foreach mesh edgeein Ry
if eisdynamic

add e to dynEdgeDel List
dseif shouldDeleteStatic( e)
add eto statEdgeDel List

}

Figure 7: Modified Mesh Edge Processing

as the static mesh edges for which a change in visibility
occurs, with respect to the dynamic object. More precisely
shouldDeleteStatic(€) istrueonly if thediscontinuity surface
associated to the edge e intersects the dynamic object at its
initial or its final position. The corresponding static discon-
tinuity surfaces are marked as changed. This processis sum-
marised in Fig. 7, and detailed in what follows.

After processing the edges in the modified regions, we
have two lists dynEdgeDel List and statEdgeDel List which
are the mesh edges to be removed when the information they
contain is no longer needed.

4.3. Finding and Processing the Visibility Changesin
the M odified Regions

Recall that the routine findChangedSpaceAndDS() returns
two listswhich give us all the discontinuity surfaces passing
through the motion volume: DS; for the static discontinuity
surfaces and DS, containing the dynamic discontinuity sur-
faces.

For each surface, weidentify therelated visibility changes
and perform the appropriate updates required to reflect the
dynamic object motion. The processis summarisedin Fig. 8.

(© The Eurographics Association 1997
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4.3.1. Static Discontinuity Surfaces

For each static discontinuity surface whichisonthelist DS
and has been marked changed, we compute new intersections
with the polygons of thedynamic object, if such intersections
exist. Note that a static discontinuity surface may intersect
the dynamic object initsupper part, between an obj ect vertex
and the source edge, resulting in no mesh edges because of
the object occlusion. Therefore a discontinuity surface may
interact with the dynamic object without being detected by
the previous mesh traversal. The use of the DS list is thus
very important because it avoids the cost of an object-space
search. With this list, we are able to consider such surfaces.

We then modify the intersection list of the discontinuity
surface by either adding, deleting or modifying the informa-
tion encapsulating the intersections of the surface with dy-
namic object.

findAndProcessVisibilityChanges() {
processStaticSurfaces(DS;)
processDynamicSurfaces(DS;)

}

processDynamicSurfaces(list D) {
foreach surfacedsin D&

if dsisEV
processEV( ds)

L

Figure 8: Finding and Processing Misibility Changes

4.3.2. Dynamic Discontinuity Surfaces

For dynamic discontinuity surfaces, we can easily see that
their intersections with the scene polygons aways change.
In addition, the motion of the dynamic object can result in
achange in the visibility configuration of each surface with
respect to the static obj ects (new intersections, disappearance
of intersectionsetc.). Much relevant information is contained
in the mesh, and most notably is related to the static mesh
edges. We thus avoid the cost of the search of intersections
for each dynamic EV surface, involving an expensive traver-
sal of many objects in the scene.

The treatment of EV surfaces was inspired by Worrall et
al. 12 who analyze theintersection of two edges of amesh and
decide whether a change in visibility occurs. In their work,
a change occurs if the two corresponding discontinuity sur-
faces of the mesh edges share the same source vertex. We ex-
tend this idea to all types of EV edges and present a novel
solution for the case of dynamic EEE surfaces.

EV Surfaces: Consider the examplegiveninFig. 9: thedy-
namic object (the small object on the right), has a dynamic
EV surfacerelated to the source vertex V. Initialy it does not
cut the static (larger) object. When moving inwards, the dy-
namic EV surfacewill intersect the corner of the static object.
This can be detected of course in three-dimensions, but this

(© The Eurographics Association 1997

(b)

Figure 9: The small object is dynamic, moving towards the
larger object. Dynamic EV discontinuity surface: (a) before
themove there isno inter section with the static object, (b) af-
ter the move the dynamic surface inter sects the static object.

would imply acostly searchin space. Instead, we can directly
identify this change in the discontinuity mesh. Consider the
mesh edge ey corresponding tothe EV surface, showningrey
inFig. 10(a). Dueto the motion, the edge ey will traversethe
mesh vertex v (Fig. 10). Themesh vertex visduethe crossing
of themesh edges (inwhite), caused by two static EV discon-
tinuity surfaces, due to the same source vertex V (Fig. 9(b)).
Because of this traversal of a mesh edge generated by the
same source vertex, we know that thereisavisibility change
concerning the dynamic EV surface, and that it is due to the
static object in question.

To determine al such traversals, we need to perform a
search in the mesh related to each dynamic discontinuity sur-
face. For each dynamic discontinuity surface, we have stored
the list of intersections with the polygons of the scene, for
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EV mesh edge ¢

(b)

Figure10: Dynamic discontinuity surfacestreatment: (a) the
EV discontinuity surface of Fig. 9 results in edge ey in the
mesh. In (b) we seeits new position. The modified search re-
gion for EV is defined by the two positions of 4. Since the
vertex v is crossed, a visibility change has occurred.

the previous position of the dynamic object. Wewill thustra-
verse this intersection list, and for each polygon which was
intersected, we will find the region defined by the intersec-
tion points of the surface with the polygon, before and af-
ter the move. These correspond to the endpoints of ey before
(Fig. 9(8)) and after (Fig. 9(b)) the move. Within thisregion,
weidentify all static mesh edges. We again use the adjacency
information of the winged-edge data structure to access these
mesh edges rapidly. Thisisthereason why we do not remove
any mesh edges before this step in the algorithm.

Wethen test to seeif the conditions for achangein visibil-
ity are satisfied: that is whether the vertex Vs or the edge Es
of the corresponding static EV are the same asthe edge E or
vertex V of the dynamic discontinuity surfaceevDs. Thispro-

processEV( DiscSurface evDs ) {
updateDStoNewPosition( evDs)
foreach intersection oldDsi of evDs
newDs = evDs —
computeNew!ntersection(dsi — polygon())
Poly2d p2dys=
findRegionAffected(oldDsi, newDsi )
switch (evDs —type() )
case: EVgc
findVisibilityChange(p2dy s, evDs)

}
findVisibilityChangeEVg
(Poly2d p2d, DiscSurface evDs) {
Edge E = evDs —edge(), Es
Vertex V = evDs —vertex(), Vs
foreach mesh edge ey, in p2d
DiscSurface dss = ey, —getDiscSurface()
Es = dss —edge()
Vs = dss —vertex()
if Ve==V {
P = polygon containing edge Es
updatel ntersection(evDs, P)
checkForEEE()

}

Figure 11: Finding Misibility Changes for Dynamic Discontinuity
Surfaces

cessissummarised in Fig. 11 for the case of a EVgc surface
(with vertex VV on the source and edge E on the dynamic ob-
ject). The EgcV (edge on source, vertex on dynamic object)
case is treated similarly, by considering the equality of the
generating edge E with Eg as well as the two vertices defin-
ing the edge.

If avisibility changeisidentified, the dynamic discontinu-
ity surfaceisintersected with the corresponding static object,
anditsintersection list isupdated. The same process could be
applied to non-emitter EV surfaces.

EEE Surfaces. For EEE surfaces an algorithm which finds
all visibility modifications from the mesh is much more in-
volved, due to the complications implied by their curved na
ture. Nonetheless, we are capable of determining when a
EEE surfacewill be created, maintained or destroyed, in par-
ticular for the casein which the discontinuity surface has one
edge on the source (thisisthe most common type of EEE sur-
face). This allows us to avoid a costly search for EEE sur-
faces related to the source, which is otherwise required at
each frame.

To understand this, consider the two EV surfaces in
Fig. 12(a), created by a source polygon edge, a polygon
edge on the dynamic object and a static polygon edge.
When the dynamic object moves, the surfaces will intersect
(Fig. 12(b)), and thus two EEE surfaces will be created.
One such surface is shown in Fig. 12(c) with edges E of the

(© The Eurographics Association 1997
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Figure 12: (a) Two EV surfaces which do not intersect (b) Intersection of the EV surfaces (c) One of the two EEE surfaces

created. Figures replicated in the colour section.

source (adjacent to V), E1 and E2. The second EEE sur-
face is built with E1, E2 and the second edge E' adjacent
to V. These changes can be determined easily. When test-
ing EVgc changes we check to see if the dynamic surface
crosses a static surface generated by the same vertex. The
creation of the two EEE surfacesis performed by the routine
checkForEEE (see Fig. 11).

4.4. Edge Cleanup, Mesh and Illumination Update

After processing al mesh edges in the modified region and
identifying potential visibility changes we no longer need the
mesh edges which will bemodified. Wethustraversethelists
dynEdgeDel List and statEdgeDel List and remove the edges
from the mesh within the modified region. The winged edge
data-structure allows usto perform all removal-insertion op-
erations efficiently and locally within the mesh. Adjacency
information isaccessed directly from the edge pointers stored
in the aforementioned lists. After removal, we are ready to
perform the visibility updates required for the static and dy-
namic surfaces which require them.

Wefirst visit every modified surface of DS; and DS, and
perform a two-dimensiona visibility operation on the dis-
continuity surface. This operation is a fast sweep algorithm
which processes the intersection information stored with the
discontinuity surface. Recall that this information aways
corresponds to the geometric state before visibility process-
ing. Thisoperation costs much lessthan acomplete re-cast of
a discontinuity surface which would involve a search in 3D
and the re-intersection with the scene objects.

Once the visibility is performed, we insert the segments
into the discontinuity mesh. These segments are thus cor-
rectly updated for occlusion.

We now have adiscontinuity mesh which iscompletely up
to date with respect to the new position of the dynamic ob-
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ject. We simply update the backprojection information in the
faces which were modified. These faces were marked dur-
ing the deletion and insertion of mesh edges. We incremen-
tally traverse the faces changed and update the backprojec-
tionsconcerned. The sameincremental agorithm asthat pre-
sented in17.2.4 jsused. Since the number of modified facesis
small, we can efficiently compute all the exact visibility in-
formation in the penumbra very efficiently.

Thefina step required isthe update of the mesh vertex il-
lumination values, which again isrestricted to the mesh faces
modified. This operation is again very efficient, since the
backprojections compactly encode complete and exact visi-
bility information. We thus rapidly compute exact irradiance
values on the vertices in the penumbra which have changed.

It is important to note that the result of the update algo-
rithmisnot an approximation: at every frame, the solutionis
exact, and resultsin amesh computed asif we were perform-
ing the entire re-computation of the discontinuity mesh and
the backprojections.

5. Implementation and Results of the Update Algorithm

We have implemented the update algorithm and tested it on
an Indigo2 R4400 running at 150MHz. The three test scenes
are shown in Fig. 13. The scenes contain respectively 145,
307 and 475 polygons. The dynamic object is abox floating
above the desk and its movement is given as four consecu-
tivepositions. We perform two different tests. Themotionfor
Test 1isshown inthe sequence of Fig. 17, themotion for Test
2inFig. 18.

In Table 1 tts corresponds to the time which is required
if the entire discontinuity mesh isto be recalculated at each
frame. The timetrp isthe total time spent by our algorithm
to update the mesh and the backprojections, aswell astheil-
lumination. All timesarein seconds. The columnsshowsthe



Céline Loscos and George Drettakis / Interactive High-Quality Soft Shadows in Scenes with Moving Objects

@

speedup (ratio between tts and ttp). The additional memory
overhead for the storage of theintersection listsison average
19 Kbfor Scene 1, 46 Kb for Scene 2 and 60 Kb for Scene 3,
in what concerns Test 1, and 17 Kb for Test 2.

As we can see, the update times are interactive for Test
1, between 1.2 seconds per frame for the simplest scene and
(containing 145 polygons), to 2.5 seconds/frame for the most
complex scene containing almost 500 polygons. In addition,
notice that the additional memory required issmall (lessthan
50K b) for Scene 2. For Scene 3 (475 polygons) speedup can
reach 90 times, compared to the recomputation of the com-
plete mesh at each frame.

The localisation of the modified space has the benefit that
the cost of the update algorithm does not depend heavily on
the complexity of the rest of the scene. Notice that update
times seem to grow sub-linearly with respect to scene com-
plexity (number of polygons).

In Test 2 (performed only on Scene 1), a different move-
ment of the dynamic object is performed, with greater inter-
actionwith the other objects(seeFig. 18). Thevisibility com-
plexity is thus augmented by the number of static surfaces
treated and the complication of the mesh. Notice that the up-
date takes between 1.3 and 2.7 seconds. The additional cost
isthus not overwhelming.

Our implementation is definitely unoptimised, and wethus
believe that significantly improved update rates could be
achieved by fine-tuning.

6. Summary, Discussion and Future work

The algorithm presented here provides accurate soft shadow
updates for dynamic scenes at interactive rates. Wefirst pre-
sented data structuresthat providerapid accesstorelevant in-
formation, by exploiting spatial coherence. These structures
permit local treatment of the visibility update. The inherent
structure of the discontinuity mesh was then used to find and

(b)
Figure13: (a) Scene 1 (b) Scene 2 (c) Scene 3. Figures replicated in the colour section.

©

updatelocal changes of visibility for both static and dynamic
discontinuity surfaces. EV and EEE surfaces are treated in
this manner. Finally, backprojections and lighting are effi-
ciently updated exclusively in the parts of the mesh which
have changed. Thus at each frame, analytic irradiance values
are computed, resulting in high quality soft shadows.

Large scenes (more than several thousand polygons) can-
not be directly treated with the implementation presented
here. Thisis mainly due to problems of numerical precision.
Numerical robustness problems occur during the computa-
tion of the intersections between objects and discontinuity
surfaces and aso during the calculation of the arrangement
of the line segments forming the winged-edge data struc-
ture. Both problems can be addressed by adopting asymbolic
computation approach based on extremal stabbing lines as
described in the context of the Visibility Skeleton (VS) 2L,
All discontinuity surface/object intersection cal culations can
be replaced by the extremal stabbing lines, and the adjacency
information availablein the VS can be used to overcome the
problems of the topological construction.

Other improvements of the our method should also bein-
vestigated. In particular, the use of a uniform grid, although
simpleto program, is definitely inefficient for more complex
scenes. The use of arecursive grid or an octree type structure
should provide interesting results.

Furthermore, depending on the movement of the object,
we could also use individual volumes for the two positions
and apply the algorithm presented for each. If the object
movesonly alittle, we can usethe bounding volume, whereas
if the object moves alot, resulting in negligible overlap be-
tweentheinitial and final volumes, it isprobably better to use
the two volumes.

Moreimportantly, this paper opens adirection of research
which will lead to an algorithm which limits the updates
only to those strictly necessary. Theincremental method pre-
sented for dynamic surfacesindicates a potential for such an
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Pos. trs  tmp S trs trp s trs trp s
Posl 5767 136 424 12233 179 683 22251 233 894
Pos2 5786 125 46.3 12391 181 685 22575 235 797
Pos3 5813 124 469 12516 191 655 22760 248 84.3
Pos4 5855 127 46.1 12597 199 633 230.22 246 853
Results for Test1: Scene 1 (145 polygons) Scene 2 (307 polygons) Scene 3 (475 polygons)
Pos. tTs tro S
Posl 5874 129 455
Pos2 6053 191 317
Pos3 6124 223 275
Pos4 6169 266 232
Results for Test 2 (Scene 1)

Table 1. Results for the Update Algorithm.

approach. What is needed for thistype of agorithm isan ex-
haustive classification of all events which occur in the dis-
continuity meshintime, and the corresponding actionswhich
must be taken. Optimality may thus be achieved by devel-
oping a “sweep” agorithm in time. Approaches similar to
the Visibility Complex 22 or the morerecent Visibility Skele-
ton 2 will prove useful in thisdirection.

Finaly, the algorithm developed here should prove very
useful  in  the context of mixed hierarchica
radiosity/discontinuity meshing approaches €. In particular,
amethod similar to that described in 13 could be combined
with our approach to achieve interactive updates for global
illumination.

7. Acknowledgments

Thanks to Seth Teller for suggesting the treatment of static
surfaces and Frédo Durand for a fruitful discussion on the
treatment of dynamic surfaces.

References

1. R.L.Cook, T. Porter, and L. Carpenter, “Distributed
ray tracing”, Computer Graphics, 18(4), pp. 137-147
(1984). Proceedings SIGGRAPH ’84 in Minneapolis
(USA).

2. G. Drettakis and E. Fiume, “A fast shadow algorithm
for area light sources using back projection”, in SG-
GRAPH 94 Conference Proceedings (Orlando, FL)
(A. Glassner, ed.), Annua Conference Series, pp. 223—
230, ACM SIGGRAPH, (July 1994).

3.  G. Drettakisand E. Fiume, “ Structured penumbral irra-
diance computation”, |EEE Transactions on Visualiza-
tion and Computer Graphics, 2(4), pp. 299-313 (1996).

(© The Eurographics Association 1997

4. A.J Stewartand S. Ghali, “ Fast computation of shadow
boundaries using spatial coherence and backprojec-
tions’, in SGGRAPH 94 Conference Proceedings (Or-
lando, FL) (A. Glassner, ed.), Annual Conference Se-
ries, pp. 231-238, ACM SIGGRAPH, (July 1994).

5. D. Lischinski, F. Tampieri, and D. P. Greenberg, “Com-
bining hierarchica radiosity and discontinuity mesh-
ing”, in SGGRAPH 93 Conference Proceedings (Ana-
heim, CA) (J. T. Kgjiya, ed.), Annual Conference Series,
pp. 199-208, ACM SIGGRAPH, (Aug. 1993).

6. G. Drettakis and F. Sillion, “Accurate visibility and
meshing calculationsfor hierarchical radiosity”, in Ren-
dering Techniques’ 96 (X. Pueyo and P. Shroeder, eds.),
pp. 269-279, Springer Verlag, (June 1996). Proceedings
of 7th Eurographics Workshop on Rendering in Porto,
Portugal.

7. N. Briere and P. Poulin, “Hierarchical view depen-
dent structures for interactive scene manipulation”, in
S GGRAPH 96 Conference Proceedings (New Orleans,
LO) (H. Rushmeier, ed.), Annua Conference Series,
pp. 83-91, ACM SIGGRAPH, (Aug. 1996).

8. D.R. Baum, J R. Wdlace, M. F. Cohen, and D. P.
Greenberg, “The back-buffer algorithm : an extension
of the radiosity method to dynamic environments’, The
Visual Computer, 2, pp. 298-306 (1986).

9. D. W. George, F. Sillion, and D. P. Greenberg, “Ra-
diosity redistribution for dynamic environments’, IEEE
Computer Graphics and Applications, 10(4), (1990).

10. S.E.Chen, “Incremental radiosity: Anextension of pro-
gressiveradiosity to an interactiveimage synthesis sys-
tem”, Computer Graphics, 24(4), pp. 135-144 (1990).
Proceedings SIGGRAPH '90 in Dallas (USA).

11. S. Miller and F. Schoffel, “Fast radiosity repropa-
gation for interactive virtual environments using a



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Céline Loscos and George Drettakis / Interactive High-Quality Soft Shadows in Scenes with Moving Objects

shadow-form-factor-list”, in Photorealistic Rendering
Techniques (G. Sakas, P. Shirley, and S. Mlller, eds),
(Darmstadt, Germany), Springer Verlag, (June 1994).
Proceedings of Fifth Eurographics Workshop on Ren-
dering.

D. Forsyth, C. Yang, and K. Teo, “Efficient radiosity
in dynamic environments”, in Photorealistic Rendering
Techniques (G. Sakas, P. Shirley, and S. Mlller, eds),
(Darmstadt, Germany), Springer Verlag, (June 1994).
Proceedings of Fifth Eurographics Workshop on Ren-
dering.

E. Shaw, “Hierarchical radiosity for dynamic envi-
ronments’, Master’s thesis, Cornell University, Ithaca,
New York, (August 1994).

P. S. Heckbert, “ Adaptive radiosity texturesfor bidirec-
tional ray tracing”, Computer Graphics, 24(4), pp. 145—
154 (1990). Proceedings SIGGRAPH 90 in Dallas
(USA).

D. Lischinski, F. Tampieri, and D. P. Greenberg, “Dis-
continuity meshing for accurate radiosity”, IEEE Com-
puter Graphics and Applications, 12(6), pp. 25-39
(1992).

S. J. Teller, “Computing the antipenumbra of an area
light source”, Computer Graphics, 26(4), pp. 139-148
(1992). Proceedings of SIGGRAPH ’'92 in Chicago
(USA).

Z. Gigusand J. Malik, “ Computing the aspect graph for
the line drawings of polyhedra objects’, IEEE Trans.
on Pat. Matching & Mach. Intelligence, 12(2), (1990).

Y. Chrysanthou and M. Slater, “ Shadow volume BSP
treesfor computation of shadowsindynamic scenes’, in
1995 Symposiumon I nteractive 3D Graphics(P. Hanra-
han and J. Winget, eds.), pp. 45-50, ACM SIGGRAPH,
(Apr. 1995).

A. Worrall, C. Willis, and D. Paddon, “ Dynamic discon-
tinuitiesfor radiosity”, in Edugraphics + Compugraph-
ics Proceedings (H. P. Santo, ed.), (Alvor, Portugal ’ 95),
pp. 367-375, GRASP- Graphic Science Promotions &
Publications, PO. Box 4076, Massama, 2745 Queluz,
Portugal, (Dec. 12 1995).

J. Amanatides and A. Woo, “A fast voxel traversal al-
gorithm for ray tracing”, in Eurographics’ 87, pp. 3-10,
North-Holland, (Aug. 1987).

F. Durand, G. Drettakis, and C. Puech, “The Visibil-
ity Skeleton: A Powerful and Efficient Multi-Purpose
Global Visibility Tool”, in SGGRAPH 97 Confer-
ence Proceedings (Los Angeles, CA) (T. Whitted, ed.),
Annua Conference Series, ACM SIGGRAPH, (Aug.
1997).

F. Durand, G. Drettakis, and C. Puech, “ The 3d visibility
complex, a new approach to the problems of accurate

visibility”, in Rendering Techniques ' 96 (X. Pueyo and
P. Shroeder, eds.), pp. 245-257, Springer Verlag, (June
1996). Proceedings of 7th Eurographics Workshop on
Rendering in Porto, Portugal.

(© The Eurographics Association 1997



Céline Loscos and George Drettakis / Interactive High-Quality Soft Shadows in Scenes with Moving Objects

(b)

Figure 14: (a) Discontinuity surfacesin a voxel, (b) Intersection of motion volume with scene polygons

()
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Figure 15: (a) Two EV surfaces which do not intersect (b) Intersection of the EV surfaces (c) One of the two EEE surfaces
created
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(b)
Figure 16: (a) Scene 1 (b) Scene 2 (c) Scene 3

(b)
Figure 17: Test 1: (a) position 1 (b) position 2 (c) position 3 (d) position 4

(b)
Figure 18: Test 2: (a) position 1 (b) position 3 (c) position 4
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