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ABSTRACT
This paper presents an algorithm for shadow calculation
in dynamic polyhedral scenes illuminated by point light
sources. It is based on a modi cation of Shadow Volume Binary Space Partition trees, to allow these be constructed from the original scene polygons in arbitrary order and to support for fast reconstruction after a change
in scene geometry. Timings using sample scenes are presented that indicate substantial savings both in terms of
computation time and shadows produced.
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1 INTRODUCTION
An algorithm is presented for rapid updating of shadows
in dynamic environments, where objects are transformed
in near real time with induced changes to shadows computed and displayed. The algorithm employs shadow volumes (SV). This was a term used by Crow [6] to denote
the semi-in nite volume enclosed by the shadow planes
(SP) formed by the triangle of the edge vertices and the
light source position, for each edge of a polygon and culled
by the polygon plane. Reviews of shadow algorithms for
static scenes may be found in [1, 19, 15]. An algorithm for
shadows in dynamic scenes is described in [5]. This uses a
Shadow Tiling and a Binary Space Partition (BSP) tree.
BSP trees were developed by Fuchs, Kedem and Naylor [8]
as a visible surface determination, based on Schumacker's
results [14]. A BSP tree is a hierarchical subdivision of
space into homogeneous regions, using the planes de ned
by the scene polygons as partitions. It is mainly suitable
for static scenes but under the right circumstances it can
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deal with moving objects [7, 18, 5]. Thibault, Naylor, and
Amanatides [11, 17] employed the BSP tree to represent
arbitrary polyhedral solids and for set operations on polyhedra in representation and rendering for CSG. They also
showed that a BSP tree can be constructed incrementally.
Based on these results Chin and Feiner [3] introduced
the Shadow Volume Binary Space Partition (SVBSP) tree
algorithm for point light sources that can be used to compute shadows eciently for polyhedral scenes. The algorithm used a BSP tree to order the input polygons in
increasing order of depth from the light source, and to
incrementally build a BSP tree representation of a single
merged shadow volume for the whole scene. In the process
of building the tree, the scene polygons are split and labeled as lit or shadowed. The algorithm operates in object
space so that the shadows need not be regenerated if the
viewing parameters are changed. The method is therefore suitable for walk-through applications. However, it
is not suitable for interactive modi cation of objects in
the scene, since any change in an object's position could
destroy the ordering and may require the reconstruction
of the shadow tree. Similar structures were used in [10]
for image representation and in [4, 2] for determining illumination discontinuities from area light sources.
The algorithm presented here employs a generalization of the SVBSP tree that does not require the construction of a BSP tree of the original scene polygons,
and that does support near real-time incremental changes
to the SVBSP tree and therefore to shadows in response
to object transformations. This method also results in
computation of a smaller number of shadows compared
to the original method. An application of the algorithm
on a VR system is described in [16].

2 BUILDING THE UNORDERED SVBSP
TREE
The standard SVBSP tree is built from an ordered set of
polygons so there is no question as to which polygon is
closer to the light source when the SVs of two polygons
intersect. Building the tree using only the shadow planes
is sucient. For the unordered SVBSP tree the scene
polygons themselves must be added to convey that infor-

a target face. When a PP-Node is encountered, if the
inserted polygon is classi ed as behind its plane then it is
marked as shadowed and stored there (face 3 in Figure 6 ).
If it is classi ed as in front then it takes note of the face
at the root as a potential target and it is inserted into the
front subtree. If it reaches an OUT node then a shadow
is cast on the face stored as potential target (face 2 in
Figure 6 ). If it comes in front of more than one potential
target, only the last one is remembered and used (polygon
5 in Figure 7 comes in front of 2 and then in front of 4,
a shadow is casted only on 4).
To cast a shadow onto a target, the original scene
polygon of the target is clipped against the relevant SV.
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Figure 2: Shadow volume as a BSP tree
mation, so the SV of each individual polygon is complemented with the polygon plane. Since nodes containing
shadow planes and nodes containing polygon planes are
treated di erently by the algorithm they will be distinguished by calling the former SP-Nodes (Shadow Plane
Nodes) and the latter PP-Nodes (Polygon Plane Nodes),
Figure 2 .
The algorithm uses a copy of the scene polygons in the
tree for calculating the shadows which are then stored as
detail ontop of the actual scene polygons.
The tree is built incrementally by inserting the lightfacing polygons into an initially empty tree, a single OUT
node (Figure 3 ). The rst polygon just replaces that
node with its SV (Figure 4 ). Subsequent scene polygons
are ltered into the tree by comparing them at each level
against the plane at the root of the tree and recursively
inserting them into the appropriate subtree. If they straddle the root plane then they are split and each piece is
treated separately. When an OUT node is reached it is
replaced by the SV. If the polygon was split its SV is built
using the shadow planes of the original polygon (polygon
4 in Figure 6 ). This is necessary for dynamic modi cation and it also means that the SV needs to be calculated
only once even if a polygon is split into many pieces.
A face onto which a shadow is cast is referred to as

3 USING THE TREE FOR DYNAMIC
SHADOW COMPUTATION
In an interactive application where the scene geometry
changes, the tree can be used to maintain the correct
shadows.
During the building of the tree, each inserted polygon
constructs a list of pointers to the locations it occupies
on the tree. When an object is transformed, its polygons and their shadow planes on the tree are found using
the location lists and are marked. After all relevant polygons have been marked, a recursive function is called that
will iterate through the SVBSP tree once and remove all
marked nodes. The result of this will be a valid SVBSP
tree for the scene, but now without the transformed object. The object can then be reinserted into the tree using
the algorithm described in section 2, to get the shadows
at its new position.

3.1 REMOVING THE MARKED NODES

The function used for removing the marked nodes works
on the whole SV of polygons rather than on single nodes.
There are 3 possible positions for each polygon and its
shadow volume to consider:
(a) In the IN region, behind a PP-node (no shadow planes
were attached here, just the polygon). This is the simplest
case, the polygon is just removed (polygon 3 in Figure 7 ).
(b) At the leaves, subdividing an empty subspace. Again
this is simple, the SV is replaced by an OUT node. Care
must be taken if the PP-Node had a non-null target. This
occurs when it is in front of some other PP-Node during
insertion and it is now casting a shadow on this. In this
case the shadow must be removed. For example when
deleting polygon 5 in Figure 7 , the front (left) subtree
of node labeled 4.2 should be replaced by OUT and the
shadow on polygon 4 should be deleted (the arrows there
show the target relation).
(c) Splitting a non-empty subspace, the SV forms the root
of a larger subtree. This is the only relatively complex
case. Removing it would result in unconnected subtrees
and these must be put together to form a new tree to
replace the old one. If the deleted polygon was casting a
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Figure 3: Initial scene
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Figure 6: Insert poly 3 and 4
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shadow then that must be replaced by shadows from polygons that had the deleted one as target. These can only
be in the front subtree of the deleted PP-node. For example if polygon 4 in Figure 7 is deleted then the shadow
from 4 to to 2 should be replaced by a shadow from 5.
Any polygons that were in shadow, in the IN region behind the deleted polygon, must also be inserted into the
new uni ed subtree.

3.2 JOINING THE SUBTREES
Naylor in [11] described an algorithm for merging BSP
trees that could be used in case (c) above. Given two
BSP trees for merging, tree1 is inserted into tree2. To
achieve this tree2 is split into tree2.front and tree2.back
by ltering the root of tree1 into it. These two new trees
are then recursively merged into the corresponding subtrees of tree1 until they reach the leaves. Experimental
results have shown this method to be very slow for our
purposes. The main reason is that it operates on a closed
subspace and it would require the shadow planes involved
in the merging to be clipped and bounded. Also it is very
general, it doesn't utilise the fact that all the shadow
planes emanate from the same point (the light source).
A more specialised algorithm is used here. The largest
of the trees to be merged is found, say tree1, and any
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possible marked nodes on this are removed. The inserted
tree, tree2, is then treated as a set of shadow volumes.
The polygon node (PP-Node) of the shadow volume forming the root of tree2 is found and ltered down tree1 along
with its front and back subtrees. The ltering is done in
a similar manner to a polygon. The fact that all shadow
planes go through the light source position, ensures that
anything enclosed by a polygon's shadow volume can be
split by another shadow plane, only if the polygon itself is
split. This means that the front and back subtrees need to
be checked for intersection with a plane only if the polygon is split by that plane. If the PP-Node meets another
fragment of its own original polygon they can join up under its shadow volume (this is possible since the shadow
planes used by the fragments are those of the original).
When it reaches an OUT node its SV is attached. After
the `root' SV and the subtrees of its PP-Node have been
inserted, the algorithm is called recursively to insert the
front subtrees of its SP-Nodes.
Note that the subtrees involved here existed in nonintersecting subspaces separated by the deleted planes so
there is no shadow relation between them. Also, if polygons split or come together during the merging, the shadows on them or the shadows they cast do not change.

scene
1
2
3
4

scene polygons
S-SVBSP
U-SVBSP after BSP
U-SVBSP no BSP
initial after BSP time (sec) shadow pol time (sec) shadow pol time (sec) shadow pol
133
178
.46
332
.45
237
.28
172
211
286
.72
526
.74
384
.51
292
313
579
1.25
892
1.16
677
.63
389
745
1830
4.65
3820
3.70
2458
1.51
1063
Table 1: Timings for initial building
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Table 2: Transformation timings

4 FURTHER DISCUSSION
When a target object is being continuously transformed,
for example as a result of being dragged during an interactive application, the functions described in sections 3.1
and 3.2 are only relevant for the very rst transformation.
After the rst deletion and re-insertion, the faces will end
up at the leaves and in subsequent frames can be deleted
in constant time.
In the standard SVBSP tree the smaller objects tend
to be higher up the tree because they tend to be closer
the light source. This is the order that is obtained from
the scene BSP tree traversed from the light position.
Also their polygons may be widely distributed in the tree
(Figure 10 ). Moreover these smaller objects are the ones
most likely to be selected and transformed during an interaction.
In the method described here, the polygons may be
grouped together according to the object to which they
belong and given to the SVBSP tree in that order. Therefore there is greater probability that the polygons belonging together will be grouped together in the SVBSP tree
(Figure 11 ). Also the smaller objects can be inserted last.
For Figure 11 the objects were inserted in depth- rst order in the scene hierarchy (Figure 9 ).
A small proportion of shadow planes in the tree are responsible for most of the splitting. Removing these, when
their polygons have moved, could be an expensive operation. This can be avoided by leaving these nodes in the
tree as marked and not removing them, if their subtrees

are found to be too large. They are removed eventually when later transformations make their subtrees sufciently small.
More than one light source can be modeled by creating
a separate SVBSP tree for each. The input for subsequent
sources are the initial scene polygons and their shadows.

5 RESULTS
The algorithm was implemented in C on a SUN SparcStation 2 with 16MB memory. The scenes used consisted
of a room, which contained bookcases with two books,
and desks with computers on top, the number of initial
polygons ranging from 133 to 745.
Table 1 shows the numbers of polygons in four test
scenes, including the number of polygons after the creation of a scene BSP tree. It also shows the time for creating the SVBSP trees (excluding the time to create the
scene BSP tree). The unordered SVBSP tree is created in
two alternative ways, using the initial set of polygons (column marked U-SVBSP no BSP) and using the polygons
after they have been split by the scene BSP tree (column
marked U-SVBSP after BSP). In both cases however the
order of insertion is determined by the scene hierarchy.
The di erent ordering is partly responsible for the di erence in timing between the two methods. Timings include
the calculation of the shadow geometry. The results suggest that even when (unnecessarily) using the polygons
from the scene BSP tree, the unordered tree takes no

more time to build, and results in less shadow polygons
than the method describe in [3].
Table 2 gives timings for transformations of various
objects. The di erent versions of computer are for different computers in the scene. In each case the number
of polygons along with the proportion of the total scene
accounted for by the object being transformed is shown.
The timings for transformations di erentiate between the
rst move and subsequent moves. The subsequent transformations always take less time, for the reasons given
in Section 4. The column marked compared to S-SVBSP
gives the proportion of time taken for the transformation in comparison with recreating the complete standard SVBSP tree and the column marked compared to
U-SVBSP the proportion of time against recreating the
complete unordered SVBSP tree.
Two sets of experiments were performed for each
scene. In the rst set ( rst row for each scene), a BSP
tree was built for representing the scene and the resulting
polygons were used as input for building both SVBSP
trees. This was done for getting a measure of the performance when the input polygons for the SVBSP trees
are the same. In the second set of experiments (second
row), the unordered SVBSP tree was built from the scene
polygons, which is why the same object has less polygons
and it takes less time to move. The standard SVBSP tree
used for comparison is the same throughout.

6 CONCLUSION
This paper has presented a method for shadow generation
for dynamic scenes. It is based on the generalised SVBSP
tree algorithm that uses full shadow volumes and adds the
polygons in any order. The resulting tree preserves all the
bene ts of the ordered SVBSP and yet it can be rapidly
modi ed in response to changes in the scene polygons due
to object transformations. As a result it is possible to interactively manipulate objects in near real time, while
maintaining correct shadows, even on a standard workstation without a 3D graphics accelerator, such as the
SparcStation 2 running X Windows. The algorithm only
produces shadow umbras, which although better than no
shadows at all, still leaves a lot to be desired in terms of
realism. Future work involves extending the algorithm to
soft shadows, produced by area light sources. This was
considered, for static scenes, by Chin and Feiner in [4].
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