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Abstract

BSP trees and a priori potential-occlusion-graph-based tech-
niques may be unified to produce a superior algorithm for
visible surface determination involving a hybrid data struc-
ture in which BSP nodes are used where the simple graph-
based algorithm breaks down. In particular, empirical re-
sults show around two to three times fewer split polygons
for this method, 20-40% less run-time space needed, and up
to 34% faster display refresh rates overall (including signifi-
cant computation not affected by the algorithm).

1 Introduction

This paper examines two priority-list algorithms for hidden-
surface removal: BSP trees and graph-based schemes. A new
algorithm is then presented that merges the two to produce
a superior algorithm in which BSP nodes are used where
the simple graph-based algorithm breaks down; supporting
analysis and results are given. Empirically, the algorithm
produces 40-64% fewer split polygons (resulting in 10-20%
fewer polygons output overall), 20-40% less space needed at
run-time, and a refresh rate speed up of up to 34% overall
(including significant computation not affected by the algo-
rithm) on the objects described in Section 5.

In many rendering applications, the scene to be rendered
is composed of polygonal objects that are internally static
(the relations between the geometrical components do not
change, though the object as a whole may be passed through
general linear transformations); it is also guaranteed that,
for each view, if two objects’ projections (relative to the
viewer) overlap, then for each point of the overlap the corre-
sponding points of the objects have the same relation with
respect to the viewer (i.e., those from one object are always
further from the viewer than those from the other object),
and furthermore the directed graph induced by these rela-
tions is acyclic. The essential idea is that a linear ordering
of the “cluster priorities” of [15] as described in [16] can be
found for each view (where a “cluster” is what is called here
an “object”). For instance, the application may be a flight
simulation game in which the airplanes all have bounding
spheres that, when they intersect, become a collision object
drawn as an explosion, and the airplanes are all far enough
away from the (static) terrain that they never interleave with
terrain from an airplane’s viewpoint. Another possibility
is that of an architectural walkthrough of a static environ-
ment. In many such applications preprocessing time is irrel-
evant. On machines in which z-buffering is not implemented
in hardware, such as many PCs, and for relatively low com-
plexity scenes with the above properties, as in many games,
it is better to do hidden-surface elimination using priority or-
dering than z-buffering [16]. Priority ordering may also be
useful if the machine has hardware 2D acceleration but not
3D acceleration (because it may be faster to use the built-in

scan-converter with a higher-level hidden-surface algorithm
than to write a software z-buffering scan-converter), or if z-
buffering is provided in hardware but the scene is relatively
simple. Furthermore, z-buffering may not be preferable if
transparency is used [7]. And even when z-buffering would
be preferable, sorting front-to-back via a priority scheme in
addition to doing z-buffering may produce a small run-time
speedup over z-buffering alone, since no new z-buffer and
pixel values are written for those pixels already written from
the same object.

2 BSP tree summary

The BSP tree [3,5,11] is a recursive partitioning of a space
by hyperplanes. To use it as a preprocessing speedup for
hidden-surface removal in static polygonal scenes, the scene
is hierarchically subdivided by planes until there is no more
than one polygon in each leaf cell (a cell is the intersection
of all the parent halfspaces). The planes chosen may or may
not be planes of polygons present in the scene. At run-time,
drawing is done by a modified inorder traversal of the tree,
testing at each node which side of the splitting plane the
viewpoint is on and traversing the branch on the other side
first. If a polygon happens to be coplanar with a splitting
plane, it is added to a third branch that is drawn between
the two halfspace branches. If the viewpoint is on the split-
ting plane, then the order used doesn’t matter except that
the coplanar polygons need not be drawn. This approach
has the drawback that it may require splitting a significant
number of polygons, particularly since efficient algorithms
for determining trees with minimal numbers of splits do not
seem to be known, although work has been done on finding
good trees efficiently [3,5,7,9,11,14]. The variant run-time
algorithm [6] that processes polygons nearer to the viewpoint
first, combined with a different clipping and scan-conversion
method, may also be applied with suitable modifications to
the algorithm presented in this paper. BSP trees may also
be used for many other purposes not considered here; for
examples, see [1,2,5,8-10,12-14,17].

3 Graph-based summary

The idea of the graph-based approach [4,11] to hidden-
surface removal for static polygonal scenes with backface
removal is to note the potential-obscuration relationship be-
tween two one-sided polygons, A and B, indicating whether
there is some viewpoint from which A and B are both front-
facing, A’s projection onto a film plane overlaps B’s, and
at some point p of the overlap the line from the viewpoint
through p intersects A first (which is to say that pixels at
p should be drawn corresponding to A). This relation may
be used to form a directed graph in which the polygons are
nodes and a directed edge exists from node A to node B iff A



is potentially obscured by B. If this graph is acyclic it can be
topologically sorted, and the polygons can be drawn back-
to-front in the resulting linear order, independent of view-
point, with backface-culling; in the resulting picture hidden
surfaces are correctly removed in a manner similar to the
painter’s algorithm.

However, not all such graphs are acyclic. There are even
scenes for which the corresponding graph is not acyclic even
if the input polygons can be split arbitrarily [11]. Thus,
to apply the method to general static one-sided-polygonal
scenes, one must form the topological sort of the strongly
connected components and then do something else with
strong components of more than one polygon. Several possi-
bilities for the “something else” are covered in the literature:

1. [4,11] Don’t handle them: restrict the input to those
scenes without multipolygon strong components.

™

[4] Handle some of them: restrict the input to those
scenes without multipolygon strong components even if
polygons may be split by planes of other polygons.

3. [11] Use a non-graph algorithm like Newell’s or War-
nock’s on the strong components.

4. [11] Remove all 2-cycles by splitting one of the member
polygons and use a z-buffer-like algorithm on the prior-
ities, per-pixel, as dynamically discovered at run-time
from the graph.

5. [11, p. 53] Consider each of a potentially exponential
number of simple cycles in the component and manipu-
late them by adding indicator nodes and possibly split-
ting polygons so that at run-time all that need be done
is prune backfacing polygons from the component’s sub-
graph and then topologically sort the subgraph.

6. [11, p. 67] Approximate the simple-cycle method (5)
by a linear manipulation of the component as a whole
instead of each cycle individually. The result is the
same as in (5) except that it may contain more indicator
nodes and split polygons.

4 New algorithm

Using the language of the previous sections, this paper
presents a new algorithm (call it () for handling the strong
components as follows:

e Pick a partitioning plane p, not necessarily that of a
polygon in the component. Use essentially the same
criteria for picking this plane as would be used in a

BSP algorithm.

e Partition other polygons in the component by p (split-
ting if necessary) and collect the polygons in the com-
ponent into three groups: one for each halfspace of p
and one for those coplanar to p.

e Create a BSP node for p with the three groups as
branches.

e For each of the groups for the two halfspaces, form the
obscuration graph and recurse by topologically sorting
into strong components and only then picking another
partitioning plane if necessary. Obscuration relation-
ships before splitting and partitioning can be reused to
make forming the graph of the polygons in each half-
space efficient by limiting which polygons need to be
checked for potential obscuration.

Poly Poly Poly

Figure 1: Example @ output diagram: sequences of squares
are lists, arrows are pointers, “Poly” is a poly-
gon, ovals are unordered sets of polygons, and di-
amonds are BSP nodes.

At run-time there is a data structure that can be defined
recursively in terms of “elements”: an element is a polygon,
an ordered list of elements, an unordered set of elements,
or a BSP node that points to three elements (one of which
is guaranteed to be an unordered set of polygons). The re-
sulting hierarchical structure essentially alternates between
ordered lists and BSP nodes, with polygons and sets of poly-
gons at the leaves (see Figure 1). A single object is repre-
sented as one element—the root of a tree—and drawing is
done recursively: a polygon is simply drawn in the expected
manner (with backface removal), an ordered list is drawn by
drawing each of its members in order, an unordered set is
drawn by drawing each of its members, and a BSP node is
drawn in the same way as in a regular BSP tree (first the
element on the other side of the node’s splitting plane from
the viewer i1s drawn, then the set of polygons coplanar to the
splitting plane, and then the element on the same side as the
viewer). The idea is that we want to have flat lists as much
as possible, and only resort to BSP nodes where absolutely
necessary.

The differences from the graph algorithms Naylor de-
scribes that seem closest to @ ((5) and (6)) are that () does
not need the obscuration graph edges at run-time, it does
not need to do topological sorting at run-time, and it doesn’t
care about cycles themselves, only the component as a whole,
so its preprocessing efficiency doesn’t depend on the num-
ber of cycles any more than BSP-trees do. (This last is only
a difference from (5).) Naylor observes that the BSP data
structure “is on the order of the number of polygons remain-
ing after the partitioning process while the above outlined
approximation method using a directed graph is on the or-
der of the number of edges between these polygons” [11, p.
74]. Algorithm () also has run-time space requirements on
the order of the number of resulting polygons. In the worst
case, it uses exactly as much space per output polygon as the
BSP variant in which splitting planes need not be those of
input polygons; in one implementation this uses only about
30% more space per output polygon (assuming an average of
four vertices per output polygon) in the worst case than the
BSP variant where splitting planes must be those of input
polygons.

For BSP trees, Naylor notes that the tree can be com-
pressed when there is a chain of nodes with no children on
one side (the same side for each node) [11]. The constant-
order list L resulting from such a compression can be seen
to be guaranteed to be part of a list from the graph algo-
rithm given the polygons P of the BSP subtree rooted at the



top node of the chain. Thus, if ¢ picks splitting polygons
in the same way as the BSP preprocessor (assuming neither
uses any information other than the polygons to be parti-
tioned), eventually either it will pass the same polygons P
to the topological sort routine, resulting in I being part of
some list, or else some of the polygons in I will have already
been output as part of some list. However, () may some-
times produce lists that the compressed BSP tree wouldn’t
have, because it essentially actively seeks such lists at each
level rather than just picking partitioning planes and hoping
such lists appear. Simply drawing polygons in a list does
not involve the additional recursion overhead of BSP traver-
sal, even if an explicit stack is substituted for functional
recursion, which saves both time and space. It also involves
fewer conditional branches (and resulting pipeline-breaking
in many architectures). It does, however, introduce the over-
head of computed branches (i.e., branches to locations stored
in a data structure) compared to the BSP variant that re-
quires splitting planes to be those of input polygons. (This
may seem obvious and trivial, but it was part of the moti-
vation that led to this algorithm.) As a result, @ has the
potential to be better than BSP at run-time even if the same
number of polygon splits are made. Since (}’s worst case oc-
curs when every level is composed of one strong component,
resulting in identical output to the BSP tree, ¢ can be no
worse than the BSP algorithm at run-time: it stores no more
data, as discussed above, and it has the potential to produce
fewer BSP nodes and fewer split polygons.

5 Results

Algorithm @ has been implemented and tested on various
models, including four models obtained from the internet
whose results are presented here. The models were prepro-
cessed by two algorithms: BSP is the plain BSP algorithm
that allows splitting planes not to be those of input polygons,
and @} is the algorithm described above.

The same criteria were used to determine partitioning
planes in both algorithms, and in fact the code was the
same, with a simple run-time switch to determine whether to
attempt topological sorting at the appropriate stages. De-
veloped in an attempt to balance between speed of prepro-
cessing and optimality of result, the criteria include mak-
ing various attempts at partitioning, using either just input
polygon planes or all possible planes, and preferring either
fewer split polygons or more balanced partitions, depending
on the number of polygons to be split and how good the
result of previous attempts has been. Details do not merit
inclusion here as they could probably be improved a great
deal (see [7] and also Section 6).

Table 2 shows statistics on the preprocessing output for
the model of a mushroom. “BSPs”, “Lists”, “Sets” and
“Polygons” give the number of the respective nodes in the
output. “Splits” is the number of polygons split, and “List
Length” and “Set Length” give statistics on the lengths of
lists and sets, respectively, in the output. Finally, “Bytes”
is the size in bytes that would be used at run-time by one
implementation of the data structures, assuming floating-
point values are represented as 8-byte doubles and type in-
formation is represented as a pointer to a table of functions.
Similarly, Tables 3, 4, and 5 show statistics for models of an
F-18 plane, a human head, and a polygonalized Utah teapot,
respectively.

Run-time refresh-rate measurements were made using an
HP 9000-735/125 workstation with CRX48Z graphics in a
512 by 512 8-bit-deep window. HP’s Starbase was used to

do scan-conversion (in 2D accelerated integer mode), and
the program was run using HP’s real-time scheduling facili-
ties so that it was essentially the only user of the CPU. The
object was drawn so that it took up most of the screen but
did not need to be clipped, and was drawn either from the
same viewpoint each frame (static) or rotating at about one
revolution every 27 seconds (rotating). Every second, the
frame rate over the last second was computed and the me-
dian of that reading and the previous two was placed in a
ten-element circular buffer. Then, if at least thirteen such
readings had been taken, the mean of the ten values in the
buffer was recorded as one data point. Once 30 data points
had been accumulated, the program wrote them out and ex-
ited. Several such runs were made for each condition, and
graphs of the results were made and typical values deter-
mined. The results are in Table 1.

Model Algorithm Typical frame rates
(static)  (rotating)
mushroom  BSP 32 33-40
Q 36 45-53
F-18 BSP 36 35.4-35.9
Q 36 36
head BSP 10.3 8.6-10.3
Q 10.3-11.5 10-12.3
teapot BSP 2.9 2.8
Q 3.9 3.7-3.9

Table 1: Run-time frame rates for the models under various
conditions.

6 Future Work

The criteria used to select partitioning planes can have a
significant effect on the results of both the BSP algorithm
and ). Experiments should be done to see to what extent
this affects the practical improvement () yields over plain
BSP, in particular trying the heuristics in both [7] and [9].
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