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Hidden-Surfaces: Combining BSP Trees with Graph-Based AlgorithmsTimothy MillerBrown University siteThe Science and Technology Centerfor Computer Graphics and Scienti�c VisualizationAbstractBSP trees and a priori potential-occlusion-graph-based tech-niques may be uni�ed to produce a superior algorithm forvisible 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 polygonsfor this method, 20{40% less run-time space needed, and upto 34% faster display refresh rates overall (including signi�-cant computation not a�ected by the algorithm).1 IntroductionThis paper examines two priority-list algorithms for hidden-surface removal: BSP trees and graph-based schemes. A newalgorithm is then presented that merges the two to producea superior algorithm in which BSP nodes are used wherethe simple graph-based algorithm breaks down; supportinganalysis and results are given. Empirically, the algorithmproduces 40{64% fewer split polygons (resulting in 10{20%fewer polygons output overall), 20{40% less space needed atrun-time, and a refresh rate speed up of up to 34% overall(including signi�cant computation not a�ected by the algo-rithm) on the objects described in Section 5.In many rendering applications, the scene to be renderedis composed of polygonal objects that are internally static(the relations between the geometrical components do notchange, though the object as a whole may be passed throughgeneral linear transformations); it is also guaranteed that,for each view, if two objects' projections (relative to theviewer) overlap, then for each point of the overlap the corre-sponding points of the objects have the same relation withrespect to the viewer (i.e., those from one object are alwaysfurther 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 orderingof the \cluster priorities" of [15] as described in [16] can befound for each view (where a \cluster" is what is called herean \object"). For instance, the application may be a 
ightsimulation game in which the airplanes all have boundingspheres that, when they intersect, become a collision objectdrawn as an explosion, and the airplanes are all far enoughaway from the (static) terrain that they never interleave withterrain from an airplane's viewpoint. Another possibilityis that of an architectural walkthrough of a static environ-ment. In many such applications preprocessing time is irrel-evant. On machines in which z-bu�ering is not implementedin 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-bu�ering [16]. Priority ordering may also beuseful if the machine has hardware 2D acceleration but not3D acceleration (because it may be faster to use the built-in

scan-converter with a higher-level hidden-surface algorithmthan to write a software z-bu�ering scan-converter), or if z-bu�ering is provided in hardware but the scene is relativelysimple. Furthermore, z-bu�ering may not be preferable iftransparency is used [7]. And even when z-bu�ering wouldbe preferable, sorting front-to-back via a priority scheme inaddition to doing z-bu�ering may produce a small run-timespeedup over z-bu�ering alone, since no new z-bu�er andpixel values are written for those pixels already written fromthe same object.2 BSP tree summaryThe BSP tree [3, 5, 11] is a recursive partitioning of a spaceby hyperplanes. To use it as a preprocessing speedup forhidden-surface removal in static polygonal scenes, the sceneis hierarchically subdivided by planes until there is no morethan one polygon in each leaf cell (a cell is the intersectionof all the parent halfspaces). The planes chosen may or maynot be planes of polygons present in the scene. At run-time,drawing is done by a modi�ed inorder traversal of the tree,testing at each node which side of the splitting plane theviewpoint is on and traversing the branch on the other side�rst. If a polygon happens to be coplanar with a splittingplane, it is added to a third branch that is drawn betweenthe two halfspace branches. If the viewpoint is on the split-ting plane, then the order used doesn't matter except thatthe coplanar polygons need not be drawn. This approachhas the drawback that it may require splitting a signi�cantnumber of polygons, particularly since e�cient algorithmsfor determining trees with minimal numbers of splits do notseem to be known, although work has been done on �ndinggood trees e�ciently [3, 5, 7, 9, 11, 14]. The variant run-timealgorithm [6] that processes polygons nearer to the viewpoint�rst, combined with a di�erent clipping and scan-conversionmethod, may also be applied with suitable modi�cations tothe algorithm presented in this paper. BSP trees may alsobe used for many other purposes not considered here; forexamples, see [1, 2, 5, 8{10,12{14,17].3 Graph-based summaryThe idea of the graph-based approach [4, 11] to hidden-surface removal for static polygonal scenes with backfaceremoval is to note the potential-obscuration relationship be-tween two one-sided polygons, A and B, indicating whetherthere is some viewpoint from which A and B are both front-facing, A's projection onto a �lm plane overlaps B's, andat some point p of the overlap the line from the viewpointthrough p intersects A �rst (which is to say that pixels atp should be drawn corresponding to A). This relation maybe used to form a directed graph in which the polygons arenodes and a directed edge exists from node A to node B i� A



is potentially obscured by B. If this graph is acyclic it can betopologically 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 hiddensurfaces are correctly removed in a manner similar to thepainter's algorithm.However, not all such graphs are acyclic. There are evenscenes for which the corresponding graph is not acyclic evenif the input polygons can be split arbitrarily [11]. Thus,to apply the method to general static one-sided-polygonalscenes, one must form the topological sort of the stronglyconnected components and then do something else withstrong 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 thosescenes without multipolygon strong components.2. [4] Handle some of them: restrict the input to thosescenes without multipolygon strong components even ifpolygons 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 memberpolygons and use a z-bu�er-like algorithm on the prior-ities, per-pixel, as dynamically discovered at run-timefrom the graph.5. [11, p. 53] Consider each of a potentially exponentialnumber 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 doneis 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 wholeinstead of each cycle individually. The result is thesame as in (5) except that it may contain more indicatornodes and split polygons.4 New algorithmUsing the language of the previous sections, this paperpresents a new algorithm (call it Q) for handling the strongcomponents as follows:� Pick a partitioning plane p, not necessarily that of apolygon in the component. Use essentially the samecriteria for picking this plane as would be used in aBSP algorithm.� 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 pand one for those coplanar to p.� Create a BSP node for p with the three groups asbranches.� For each of the groups for the two halfspaces, form theobscuration graph and recurse by topologically sortinginto strong components and only then picking anotherpartitioning plane if necessary. Obscuration relation-ships before splitting and partitioning can be reused tomake forming the graph of the polygons in each half-space e�cient by limiting which polygons need to bechecked for potential obscuration.
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Poly PolyFigure 1: Example Q output diagram: sequences of squaresare 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 de�nedrecursively 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 whichis guaranteed to be an unordered set of polygons). The re-sulting hierarchical structure essentially alternates betweenordered 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 isdone recursively: a polygon is simply drawn in the expectedmanner (with backface removal), an ordered list is drawn bydrawing each of its members in order, an unordered set isdrawn by drawing each of its members, and a BSP node isdrawn in the same way as in a regular BSP tree (�rst theelement on the other side of the node's splitting plane fromthe viewer is drawn, then the set of polygons coplanar to thesplitting plane, and then the element on the same side as theviewer). The idea is that we want to have 
at lists as muchas possible, and only resort to BSP nodes where absolutelynecessary.The di�erences from the graph algorithms Naylor de-scribes that seem closest to Q ((5) and (6)) are that Q doesnot need the obscuration graph edges at run-time, it doesnot need to do topological sorting at run-time, and it doesn'tcare about cycles themselves, only the component as a whole,so its preprocessing e�ciency doesn't depend on the num-ber of cycles any more than BSP-trees do. (This last is onlya di�erence from (5).) Naylor observes that the BSP datastructure \is on the order of the number of polygons remain-ing after the partitioning process while the above outlinedapproximation method using a directed graph is on the or-der of the number of edges between these polygons" [11, p.74]. Algorithm Q also has run-time space requirements onthe order of the number of resulting polygons. In the worstcase, it uses exactly as much space per output polygon as theBSP variant in which splitting planes need not be those ofinput polygons; in one implementation this uses only about30% more space per output polygon (assuming an average offour vertices per output polygon) in the worst case than theBSP variant where splitting planes must be those of inputpolygons.For BSP trees, Naylor notes that the tree can be com-pressed when there is a chain of nodes with no children onone side (the same side for each node) [11]. The constant-order list L resulting from such a compression can be seento 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 Q picks splitting polygonsin the same way as the BSP preprocessor (assuming neitheruses any information other than the polygons to be parti-tioned), eventually either it will pass the same polygons Pto the topological sort routine, resulting in L being part ofsome list, or else some of the polygons in L will have alreadybeen output as part of some list. However, Q may some-times produce lists that the compressed BSP tree wouldn'thave, because it essentially actively seeks such lists at eachlevel rather than just picking partitioning planes and hopingsuch lists appear. Simply drawing polygons in a list doesnot involve the additional recursion overhead of BSP traver-sal, even if an explicit stack is substituted for functionalrecursion, which saves both time and space. It also involvesfewer conditional branches (and resulting pipeline-breakingin many architectures). It does, however, introduce the over-head of computed branches (i.e., branches to locations storedin a data structure) compared to the BSP variant that re-quires splitting planes to be those of input polygons. (Thismay seem obvious and trivial, but it was part of the moti-vation that led to this algorithm.) As a result, Q has thepotential to be better than BSP at run-time even if the samenumber of polygon splits are made. Since Q's worst case oc-curs when every level is composed of one strong component,resulting in identical output to the BSP tree, Q can be noworse than the BSP algorithm at run-time: it stores no moredata, as discussed above, and it has the potential to producefewer BSP nodes and fewer split polygons.5 ResultsAlgorithm Q has been implemented and tested on variousmodels, including four models obtained from the internetwhose results are presented here. The models were prepro-cessed by two algorithms: BSP is the plain BSP algorithmthat allows splitting planes not to be those of input polygons,and Q is the algorithm described above.The same criteria were used to determine partitioningplanes in both algorithms, and in fact the code was thesame, with a simple run-time switch to determine whether toattempt 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 inputpolygon planes or all possible planes, and preferring eitherfewer split polygons or more balanced partitions, dependingon the number of polygons to be split and how good theresult of previous attempts has been. Details do not meritinclusion here as they could probably be improved a greatdeal (see [7] and also Section 6).Table 2 shows statistics on the preprocessing output forthe model of a mushroom. \BSPs", \Lists", \Sets" and\Polygons" give the number of the respective nodes in theoutput. \Splits" is the number of polygons split, and \ListLength" and \Set Length" give statistics on the lengths oflists and sets, respectively, in the output. Finally, \Bytes"is the size in bytes that would be used at run-time by oneimplementation of the data structures, assuming 
oating-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 anF-18 plane, a human head, and a polygonalized Utah teapot,respectively.Run-time refresh-rate measurements were made using anHP 9000-735/125 workstation with CRX48Z graphics in a512 by 512 8-bit-deep window. HP's Starbase was used to

do scan-conversion (in 2D accelerated integer mode), andthe program was run using HP's real-time scheduling facili-ties so that it was essentially the only user of the CPU. Theobject was drawn so that it took up most of the screen butdid not need to be clipped, and was drawn either from thesame viewpoint each frame (static) or rotating at about onerevolution every 2� seconds (rotating). Every second, theframe rate over the last second was computed and the me-dian of that reading and the previous two was placed in aten-element circular bu�er. Then, if at least thirteen suchreadings had been taken, the mean of the ten values in thebu�er was recorded as one data point. Once 30 data pointshad been accumulated, the program wrote them out and ex-ited. Several such runs were made for each condition, andgraphs 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{40Q 36 45{53F-18 BSP 36 35.4{35.9Q 36 36head BSP 10.3 8.6{10.3Q 10.3{11.5 10{12.3teapot BSP 2.9 2.8Q 3.9 3.7-3.9Table 1: Run-time frame rates for the models under variousconditions.6 Future WorkThe criteria used to select partitioning planes can have asigni�cant e�ect on the results of both the BSP algorithmand Q. Experiments should be done to see to what extentthis a�ects the practical improvement Q yields over plainBSP, in particular trying the heuristics in both [7] and [9].7 AcknowledgementsThanks to Steven Dollins, John Hughes, Robert Zeleznik,Katrina Avery, and Andries van Dam for reading this paperand making suggestions. This work was supported in partby grants from NSF, Microsoft, Sun Microsystems, Taco,and HP.References[1] Chin, N., and Feiner, S. Near real-time shadowgeneration using BSP trees. In Computer Graphics(SIGGRAPH '89 Conference Proceedings) (July 1989),ACM SIGGRAPH, pp. 99{106.[2] Chin, N., and Feiner, S. Fast object-precisionshadow generation for area light sources using BSPtrees. In 1992 Symposium on Interactive 3D Graph-ics (Special Issue of Computer Graphics) (1992), ACMSIGGRAPH, pp. 21{30, 220.[3] Fuchs, H., Abram, G. D., and Grant, E. D. Nearreal-time shaded display of rigid objects. In Com-puter Graphics (SIGGRAPH '83 Conference Proceed-
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