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MULTIPLE PROCESSOR VISIBILITY SEARCH 
SYSTEM AND METHOD 

CROSS REFERENCES TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional application Ser. No. 60/250,823 ?led on Dec. 1, 2000 
titled “Multiple Processor Visibility Search System and 
Method”. 

[0002] This application is a continuation-in-part of US. 
Pat. application Ser. No. 09/247,466 ?led on Feb. 9, 1999 
titled “Visible-Object Determination For Interactive Visual 
iZation”, Which claims the bene?t of US. Provisional appli 
cation Ser. No. 60/074,868 ?led on Feb. 17, 1998 titled 
“Visible-Object Determination for Interactive VisualiZa 
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tion . 

BACKGROUND OF THE INVENTION 

[0003] 1. Field of the Invention 

[0004] The present invention relates generally to the ?eld 
of computer graphics, and more particularly, to the problem 
of determining the set of objects (and portions of objects) 
visible from a de?ned vieWpoint in a graphics environment. 

[0005] 2. Description of the Related Art 

[0006] Visualization softWare has proven to be very useful 
in evaluating three-dimensional designs long before the 
physical realiZation of those designs. In addition, visualiZa 
tion softWare has shoWn its cost effectiveness by alloWing 
engineering companies to ?nd design problems early in the 
design cycle, thus saving them signi?cant amounts of 
money. Unfortunately, the need to vieW more and more 
complex scenes has outpaced the ability of graphics hard 
Ware systems to display them at reasonable frame rates. As 
scene compleXity groWs, visualiZation softWare designers 
need to carefully use the rendering resource provided by 
graphic hardWare pipelines. 

[0007] A hardWare pipeline Wastes rendering bandWidth 
When it discards rendered triangle Work. Rendering band 
Width Waste can be decreased by not asking the pipeline to 
draW triangles that it Will discard. Various softWare methods 
for reducing pipeline Waste have evolved over time. Each 
technique reduces Waste at a different point Within the 
pipeline. As an eXample, softWare culling of objects falling 
outside the vieW frustum can signi?cantly reduce discards in 
a pipeline’s clipping computation. Similarly, softWare cull 
ing of backfacing triangles can reduce discards in a pipe 
line’s lighting computation. 

[0008] The Z-buffer is the ?nal part of the graphics pipe 
line that discards Work. In essence, the Z-buffer retains 
visible surfaces, and discards those not visible because they 
are behind another surface (i.e. occluded). As scene com 
pleXity increases, especially in Walk-through and CAD 
environments, the number of occluded surfaces rises rapidly 
and as a result the number of surfaces that the Z-buffer 
discards rises as Well. A frame’s average depth compleXity 
determines roughly hoW much Work (and thus rendering 
bandWidth) the Z-buffer discards. In a frame With a per-pixel 
depth compleXity of d the pipeline’s effectiveness is 1/d. As 
depth compleXity rises, the hardWare pipeline thus becomes 
proportionally less and less effective. 
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[0009] SoftWare occlusion culling has been proposed as an 
additional tool for improving rendering effectiveness. A 
visualiZation program Which performs occlusion culling 
effectively increases the overall rendering bandWidth of the 
graphics hardWare by not asking the hardWare pipeline to 
draW occluded objects. Computing a scene’s visible objects 
is the complementary problem to that of occlusion culling. 
Rather than removing occluded objects from the set of 
objects in a scene or frustum-culled scene, a program instead 
computes Which objects are visible and instructs the render 
ing hardWare to draW just those. A simple visualiZation 
program can compute the set of visible objects and draW 
those objects from the current vieWpoint, thus alloWing the 
pipeline to focus on removing backfacing polygons and the 
Z-buffer to remove any non-visible surfaces of those objects. 

[0010] One technique for computing the visible object set 
uses ray casting as shoWn in FIG. 1. RealEyes [SoWiZral, H. 
A., Zikan, K., Esposito, C., Janin,A., MiZell, D., “RealEyes: 
A System for VisualiZing Very Large Physical Structures”, 
SIGGRAPH ’94, Visual Proceedings, 1994, p. 228], a sys 
tem that implemented the ray casting technique, Was dem 
onstrated in SIGGRAPH 1994’s BOOM room. At interac 
tive rates, visitors could “Walk” around the interior of a 
Boeing 747 or eXplore the structures comprising Space 
Station Freedom’s lab module. 

[0011] The intuition for the use of rays in determining 
visibility relies on the properties of light. The ?rst object 
encountered along a ray is visible since it alone can re?ect 
light into the vieWer’s eye. Also, that object interposes itself 
betWeen the vieWer and all succeeding objects along the ray 
making them not visible. In the discrete World of computer 
graphics, it is difficult to propagate a continuum of rays. So 
a discrete subset of rays is invariably used. Of course, this 
implies that visible objects or segments of objects smaller 
than the resolution of the ray sample may be missed and not 
discovered. This is because rays guarantee correct determi 
nation of visible objects only up to the density of the 
ray-sample. FIG. 1 illustrates the ray-based method of 
visible object detection. Rays that interact With one or more 
objects are marked With a dot at the point of their ?rst 
contact With an object. It is this point of ?rst contact that 
determines the value of the screen piXel corresponding to the 
ray. Also observe that the object 10 is small enough to be 
entirely missed by the given ray sample. 

[0012] Visible-object determination has its roots in vis 
ible-surface determination. Foley et al. [Foley, J ., van Dam, 
A., Feiner, S. and Hughes, J. Computer Graphics: Principles 
and Practice, 2nd ed., Addison-Wesley, Chapter 15, pp. 
649-718, 1996] classify visible-surface determination 
approaches into tWo broad groups: image-precision and 
object-precision algorithms. Image precision algorithms 
typically operate at the resolution of the display device and 
tend to have superior performance computationally. Object 
precision approaches operate in object space—usually per 
forming object to object comparisons. 

[0013] A prototypical image-precision visible-surface-de 
termination algorithm casts rays from the vieWpoint through 
the center of each display piXel to determine the nearest 
visible surface along each ray. The list of applications of 
visible-surface ray casting (or ray tracing) is long and 
distinguished. Appel [“Some Techniques for Shading 
Machine Rendering of Solids”, SJCC’68, pp. 37-45, 1968] 
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uses ray casting for shading. Goldstein and Nagel [Math 
ematical Applications Group, Inc., “3-D Simulated Graphics 
Offered by Service Bureau,” Datamation, 13(1), February 
1968, p. 69.; see also Goldstein, R. A. and Nagel, R., “3-D 
Visual Simulation”, Simulation, 16(1), pp. 25-31, 1971] use 
ray casting for boolean set operations. Kay et al. [Kay, D. S. 
and Greenberg, D., “Transparency for Computer Synthe 
siZed Images,” SIGGRAPH’79, pp. 158-164] and Whitted 
[“An Improved Illumination Model for Shaded Display”, 
CACM, 23(6), pp. 343-349, 1980] use ray tracing for 
refraction and specular re?ection computations. Airey et al. 
[Airey, J. M., Rohlf, J. H. and Brooks, Jr. F. P., “ToWards 
Image Realism With Interactive Update Rates in Complex 
Virtual Building Environments”, ACM SIGGRAPH Sym 
posium on Interactive 3D Graphics, 24, 2(1990), pp. 41-50] 
uses ray casting for computing the portion of a model visible 
from a given cell. 

[0014] Another approach to visible-surface determination 
relies on sending beams or cones into a database of surfaces 
[see Dadoun et al., “Hierarchical approachs to hidden sur 
face intersection testing”, Proceeedings of Graphics Inter 
face ’82, Toronto, May 1982, 49-56; see also Dadoun et al., 
“The geometry of beam tracing”, In Joseph O’Rourke, ed., 
Proceeedings of the Symposium on Computational Geom 
etry, pp. 55-61, ACM Press, NeW York, 1985]. Essentially, 
beams become a replacement for rays. The approach usually 
results in compact beams decomposing into a set of possibly 
non-connected cone(s) after interacting With an object. 

[0015] Avariety of spatial subdivision schemes have been 
used to impose a spatial structure on the objects in a scene. 
The folloWing four references pertain to spatial subdivision 
schemes: (a) Glassner, “Space subdivision for fast ray 
tracing,” IEEE CG&A, 4(10):15-22, Oct. 1984; (b) Jevans et 
al., “Adaptive voxel subdivision for ray tracing,” Proceed 
ings Graphics Interface ’89, 164-172, June 1989; (c) Kaplan, 
M. “The use of spatial coherence in ray tracing,” in Tech 
niques for Computer Graphics . . . , Rogers, D. and Earn 

shaW, R. A. (eds), Springer-Verlag, NeW York, 1987; and (d) 
Rubin, S. M. and Whitted, T. “A 3-dimensional representa 
tion for fast rendering of complex scenes,” Computer Graph 
ics, 14(3):110-116, July 1980. 

[0016] Kay et al. [Kay, T. L. and Kajiya, J. T., “Ray 
Tracing Complex Scenes”, SIGGRAPH 1986, pp. 269-278, 
1986], concentrating on the computational aspect of ray 
casting, employed a hierarchy of spatial bounding volumes 
in conjunction With rays, to determine the visible objects 
along each ray. Of course, the spatial hierarchy needs to be 
precomputed. HoWever, once in place, such a hierarchy 
facilitates a recursive computation for ?nding objects. If the 
environment is stationary, the same data-structure facilitates 
?nding the visible object along any ray from any origin. 

[0017] Teller et al. [Teller, S. and Sequin, C. H., “Visibility 
Preprocessing for Interactive Walkthroughs,” SIGGRAPH 
’91, pp. 61-69] use preprocessing to full advantage in 
visible-object computation by precomputing cell-to-cell vis 
ibility. Their approach is essentially an object precision 
approach and they report over 6 hours of preprocessing time 
to calculate 58 Mbytes of visibility information for a 250, 
000 polygon model on a 50 MIP machine [Teller, S. and 
Sequin. C. H., “Visibility computations in polyhedral three 
dimensional environments,” U. C. Berkeley Report No. 
UCB/CSD 92/680, April 1992]. 
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[0018] In a different approach to visibility computation, 
Greene et al. [Greene, N., Kass, M., and Miller, G., “Hier 
archical Z-Buffer Visibility,” SIGGRAPH ’93, pp. 231-238] 
use a variety of hierarchical data structures to help exploit 
the spatial structure inherent in object space (an octree of 
objects), the image structure inherent in pixels (a Z pyra 
mid), and the temporal structure inherent in frame-by-frame 
rendering (a list of previously visible octree nodes). The 
Z-pyramid permits the rapid culling of large portions of the 
model by testing for visibility using a rapid scan conversion 
of the cubes in the octree. 

[0019] As used herein, the term “octree” refers to a data 
structure derived from a hierarchical subdivision of a three 
dimensional space based on octants. The three-dimensional 
space may be divided into octants based on three mutually 
perpendicular partitioning planes. Each octant may be fur 
ther partitioned into eight sub-octants based on three more 
partitioning planes. Each sub-octant may be partitioned into 
eight sub sub-octants, and so forth. Each octant, sub-octant, 
etc., may be assigned a node in the data structure. For more 
information concerning octrees, see pages 550-555, 559-560 
and 695-698 of Computer Graphics: principles and prac 
tice, James D. Foley et al., 2nd edition in C, ISBN 0-201 
84840-6, T385.C5735, 1996. 

[0020] The depth complexity of graphical environments 
continues to increase in response to consumer demand for 
realism and performance. Thus, the ef?ciency of an algo 
rithm for visible object determination has a direct impact on 
the marketability of a visualiZation system. The computa 
tional bandWidth required by the visible object determina 
tion algorithm determines the class of processor required for 
the visualiZation system, and thereby affects overall system 
cost. Thus, a system and method for improving the ef?ciency 
of visible object determination is greatly desired. 

SUMMARY OF THE PRESENT INVENTION 

[0021] Various embodiments of a system and method for 
performing visible object determination based upon a dual 
search of a cone hierarchy and a bound hierarchy are herein 
disclosed. In one embodiment, the system may comprise a 
plurality of processors, a display device, a shared memory, 
and optionally a graphics accelerator. The multiple proces 
sors execute a parallel visibility algorithm Which operates on 
a collection of graphical objects to determine a visible subset 
of the objects from a de?ned vieWpoint. The objects may 
reside in a three-dimensional space and thus admit the 
possibility of occluding one another. 

[0022] The parallel visibility algorithm represents space in 
terms of a hierarchy of cones emanating from a vieWpoint. 
In one embodiment, the leaf-cones of the cone hierarchy, ie 
the cones at the ultimate level of re?nement, subtend an area 
Which corresponds to a fraction of a pixel in screen area. For 
example, tWo cones may conveniently ?ll the area of a pixel. 
In other embodiments, a leaf-cone may subtend areas Which 
include one or more pixels. 

[0023] An initial vieW frustum or neighborhood of the 
vieW frustum may be recursively tessellated (i.e. re?ned) to 
generate a cone hierarchy. Alternatively, the entire space 
around the vieWpoint may be recursively tessellated to 
generate the cone hierarchy. In this embodiment, the cone 
hierarchy is recomputed for changes in the vieWpoint and 
vieW-direction. 



US 2001/0055019 A1 

[0024] The multiple processors or some subset thereof, or 
another set of one or more processors, may also generate a 
hierarchy of bounds from the collection of objects. In 
particular, the bound hierarchy may be generated by: (a) 
recursively grouping clusters starting With the objects them 
selves as order-Zero clusters, (b) bounding each object and 
cluster (of all orders) With a corresponding bound, eg a 
polytope hull, (c) allocating a node in the bound hierarchy 
for each object and cluster, and (d) organiZing the nodes in 
the bound hierarchy to re?ect cluster membership. For 
eXample if node A is the parent of node B, the cluster 
corresponding to node A contains a subcluster (or object) 
corresponding to node B. Each node stores parameters 
Which characteriZe the bound of the corresponding cluster or 
object. 
[0025] The cone hierarchy and bound hierarchy may be 
stored in the shared memory. In addition, the shared memory 
may store a global problem queue. The global problem 
queue is initially loaded With a collection of bound-cone 
pairs. Each bound-cone pair points to a bound in the bound 
hierarchy and a cone in the cone hierarchy. 

[0026] The multiple processors may couple to the shared 
memory, and may perform a search of the cone and bound 
hierarchies to identify one or more nearest objects for a 
subset of cones (eg the leaf cones) in the cone hierarchy. 
After the multiple processors complete the search of the 
cone and bound hierarchies, a transmission agent (eg the 
multiple processors, some subset thereof, or another set of 
one or more processors) may transmit graphics primitives, 
e.g. triangles, corresponding to the nearest objects of each 
cone in the subset, to a rendering agent. The rendering agent 
(eg the graphics accelerator, or a softWare renderer execut 
ing on the multiple processors, some subset thereof, or 
another set of one or more processors) is operable to receive 
the graphics primitives, to perform rendering computations 
on the graphics primitives to generate a stream of piXels, and 
to transmit the piXel stream to the display device. 

[0027] In some embodiments, each leaf-cone may be 
assigned a visibility distance value Which represents the 
distance to the closest knoWn object as perceived from 
Within the leaf-cone. Each leaf-cone may also be assigned an 
object pointer Which speci?es the closest knoWn object 
Within vieW of the leaf-cone. Similarly, each non-leaf cone 
may be assigned a visibility distance value. HoWever, the 
visibility distance value of a non-leaf cone may be set equal 
to the maXimum of the visibility distance values for its 
subcone children. This implies that the visibility distance 
value for each non-leaf cone equals the maXimum of the 
visibility distance values of its leaf-cone descendents. 

[0028] In one embodiment, each of the plurality of pro 
cessors is operable to: (a) read a bound-cone pair (H,C) from 
the global Work queue, (b) compute the distance betWeen the 
bound H and the cone C, (c) to compare the bound-cone 
distance to a visibility distance associated With the cone C, 
(d) to Write tWo or more dependent bound-cone pairs to the 
global problem queue if the bound-cone distance is smaller 
than the visibility distance of the cone C. The tWo or more 
dependent bound-cone pairs may be pairs generated from 
bound H and the subcones of cone C, or pairs generated from 
cone C and subbounds of bound H. 

[0029] Furthermore, When the processor detects that the 
hull H is a leaf bound of the bound hierarchy and the cone 
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C is a leaf cone of the cone hierarchy, the processor may 
update the visibility information for the leaf cone, i.e. may 
set the visibility distance value for cone C equal to the 
cone-hull distance computed in (b) above, and may set the 
nearest object pointer associated With cone C equal to a 
pointer associated With hull H. 

[0030] In one alternative embodiment, each processor may 
couple to a local memory containing a local problem queue. 
Each processor may read and Write bound-cone pairs from/ 
to its local problem queue, and access the global problem 
queue to read initial bound-cone pairs. 

[0031] In another alternative embodiment, a collection of 
cones may be selected from the cone hierarchy, ie a 
collection of non-overlapping cones Which ?ll the space of 
the root cone (i.e. top level cone). The cones of the collection 
may be distributed among the multiple processors. Each of 
the multiple processors may perform a search of its assigned 
cones (i.e. the subtrees of the cone hierarchy de?ned by 
these assigned cones) against the hull tree. 

BRIEF DESCRIPTION OF THE FIGURES 

[0032] The foregoing, as Well as other objects, features, 
and advantages of this invention may be more completely 
understood by reference to the folloWing detailed descrip 
tion When read together With the accompanying draWings in 
Which: 

[0033] FIG. 1 illustrates the ray-based method of visible 
object detection according to the prior art; 

[0034] FIG. 2A illustrates one embodiment of a graphical 
computing system for performing visible object determina 
tion; 

[0035] FIG. 2B is a block diagram illustrating one 
embodiment of the graphical computing system 80; 

[0036] FIG. 3 is a ?oWchart for processing operations 
performed in one embodiment of graphical computing sys 
tem 80; 

[0037] FIG. 4A illustrates a collection of objects in a 
graphics environment; 

[0038] FIG. 4B illustrates a ?rst step in one embodiment 
of a method for forming a hull hierarchy, ie the step of 
bounding objects With containing hulls and allocating hull 
nodes for the containing hulls; 

[0039] FIG. 4C illustrates one embodiment of the process 
of grouping together hulls to form higher order hulls, and 
allocating nodes in the hull hierarchy Which correspond to 
the higher order hulls; 

[0040] FIG. 4D illustrates a ?nal stage in the recursive 
grouping process Wherein all objects are contained in a 
universal containing hull Which corresponds to the root node 
of the hull hierarchy; 

[0041] FIG. 5A illustrates the mathematical expressions 
Which describe lines and half-planes in tWo dimensional 
space; 

[0042] FIG. 5B illustrates the description of a rectangular 
region as the intersection of four half-planes in a tWo 
dimensional space; 
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[0043] FIG. 6 illustrates a tWo-dimensional cone C par 
titioned into a tWo subcones C1 and C2 Which interact With 
a collection of objects; 

[0044] FIG. 7 illustrates polyhedral cones With rectangu 
lar and triangular cross-section emanating from the origin of 
a three-dimensional space; 

[0045] FIG. 8A illustrates mathematical expressions 
Which describe a line through the origin and a corresponding 
half-plane given a normal vector in tWo-dimensional space; 

[0046] FIG. 8B illustrates the speci?cation of a tWo 
dimensional conic region as the intersection of tWo half 
planes; 
[0047] FIGS. 9A-9C illustrate the formation of a cone 
hierarchy based on repeated subdivision of an initial cone 
With rectangular cross-section; 

[0048] FIG. 10A illustrates one embodiment of a program 
thread 250 Which is executed by each of multiple processors 
to accomplish a dual search of the hull hierarchy and cone 
hierarchy; 

[0049] FIG. 10B illustrates an embodiment of graphical 
computing system 80 Where each of multiple processors 
reads initial hull-cone pairs from a global problem queue, 
and accesses non-initial hull-cone pairs from a correspond 
ing local queue; 

[0050] FIG. 10C illustrates an embodiment of graphical 
computing system 80 Where cones from the cone hierarchy 
are distributed among a plurality of processors, and each 
processor searches the assigned cones (and their descen 
dents) With respect to the hull hierarchy; 

[0051] FIG. 10D illustrates a cone C Which has a small 
normaliZed siZe compared to a bound hull H; 

[0052] FIG. 10E illustrates a hull H Which has a small 
normaliZed siZe compared to a cone C; 

[0053] FIG. 11 illustrates one embodiment of the process 
of recursively clustering a collection of objects to form a 
bounding hierarchy. 

[0054] While the invention is susceptible to various modi 
?cations and alternative forms, speci?c embodiments 
thereof are shoWn by Way of example in the draWings and 
Will herein be described in detail. It should be understood, 
hoWever, that the draWings and detailed description thereto 
are not intended to limit the invention to the particular forms 
disclosed, but on the contrary, the intention is to cover all 
modi?cations, equivalents and alternatives falling Within the 
spirit and scope of the present invention as de?ned by the 
appended claims. Please note that the section headings used 
herein are for organiZational purposes only and are not 
meant to limit the description or claims. The Word “may” is 
used in this application in a permissive sense (i.e., having the 
potential to, being able to), not a mandatory sense (i.e., 
must). Similarly, the Word include, and derivations thereof, 
are used herein to mean “including, but not limited to.” 

DETAILED DESCRIPTION OF SEVERAL 
EMBODIMENTS 

[0055] FIG. 2A presents one embodiment of a graphical 
computing system 80 for performing visible object deter 
mination. Graphical computing system 80 may include a 
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system unit 82, and a display device 84 coupled to the 
system unit 82. The display device 84 may be realiZed by 
any of various types of video monitors or graphical displays. 
Graphics computer system 80 may include one or more 
input devices such as a keyboard 86, a mouse 88, a trackball, 
a digitiZing pad, a joystick, etc. 

[0056] FIG. 2B is a block diagram illustrating one 
embodiment of graphical computing system 80. Graphical 
computing system 80 may include a plurality of processors 
PR1 through PRM and a shared memory 106 coupled to a 
high-speed system bus 104. Graphical computing system 80 
may also include a graphics accelerator 112 coupled to 
system bus 104 and display device 84. 

[0057] Each processor PRI may couple to a dedicated local 
memory (not shoWn) for storing local code and/or local data. 
(The notation PRI refers to an arbitrary one of the processors 
PR1 through PRM.) The shared memory 106 may include 
any of various types of memory subsystems including 
random access memory, read only memory, and/or mass 
storage devices. Processors PR1 through PRM operate on a 
set of objects to determine a subset of the objects Which are 
visible from a particular vieWpoint in a three-dimensional 
scene. Each object in the original set may comprise a 
collection of graphics primitives (e.g. triangles). In one 
embodiment, objects may be described in terms of a system 
of equations and/or geometric constraints, e.g. polynomial 
equations. In this case, the visible objects may need to be 
decomposed (i.e. partitioned) into graphics primitives (e.g. 
tessellated into triangles) prior to pixel rendering and dis 
play. The object decomposition may be performed by pro 
cessors PR1 through PRM, some subset thereof, and/or by a 
second set of one or more processors (not shoWn). 

[0058] Graphics primitives (e.g. triangles) corresponding 
to the visible objects may be transmitted to graphics accel 
erator 112 for rendering and display on display device 84. 
Since graphics accelerator 112 operates on primitives cor 
responding to the visible objects, a higher percentage of 
rendered pixels (or supersamples) survive the Z-comparison 
than if the graphics accelerator 112 Were supplied With 
primitives corresponding to the fall object set. In other 
Words, the rendering hardWare in graphics accelerator 112 
may operate With increased ef?ciency. 

[0059] In one alternative embodiment, processors PR1 
through PRM, or some subset thereof, and/or another set of 
one or more processors (not shoWn) may perform pixel 
rendering computations on the graphics primitives corre 
sponding to the visible objects, and may generate a stream 
of pixels Which are transmitted to display device 84 for 
image display. In this alternative embodiment, graphics 
accelerator 112 may not be included in graphics computing 
system 80. 

[0060] In one embodiment, graphics accelerator 112 com 
prises a plurality of graphics processors, and these graphics 
processors may perform the visible object determination 
instead of processors PR1 through PRM. In this embodiment, 
graphics accelerator 112 may receive a set of objects (or 
pointers to the objects) in a 3D scene. The graphics proces 
sors may operate on the set of objects to determine the subset 
of visible objects With respect to a current vieWpoint in the 
3D scene. In another embodiment, processors PR1 through 
PRM and graphics processor in the graphics accelerator may 
cooperate to determine the set of visible objects. 
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[0061] As mentioned above, 3-D graphics accelerator 112 
may couple to system bus 104, and display device 84 may 
couple to graphics accelerator 112. 3-D graphics accelerator 
112 may be a specialiZed graphics rendering subsystem 
Which is designed to off-load the 3-D rendering functions 
from the host system 82, thus providing improved system 
performance. It is assumed that various other peripheral 
devices, or other buses, may be connected to system bus 
104, as is Well knoWn in the art. If 3D accelerator 112 is not 
included in graphical computing system 80, display device 
84 may couple directly to system bus 104. 

[0062] Processor devices (eg processors PR1 through 
PRM) coupled to system bus 104 may transfer information 
to and from graphics accelerator 112 according to a pro 
grammed input/output (1/0) protocol over the system bus 
104. In one embodiment, graphics accelerator 112 may 
access system memory 106 according to a direct memory 
access (DMA) protocol or through intelligent bus mastering. 
In another embodiment, graphics accelerator 112 may 
couple to system memory 106 through an Advanced Graph 
ics Port connection. Processors PR1 through PRM may oper 
ate under the control of visualiZation softWare stored in 
shared memory 106 and/or the local memories of the indi 
vidual processors. 

[0063] FIG. 3 is a ?oWchart for one embodiment of the 
processing performed by graphics computing system 80 in 
response to the visualiZation softWare. In an initial step 210, 
the graphics computing system 80 may receive a plurality of 
objects and construct an object hierarchy from the plurality 
of objects. (The object hierarchy construction is discussed in 
more detail beloW). It is noted that the object hierarchy may 
have been precomputed, in Which case step 210 may be 
skipped. 

[0064] In step 220, graphical computing system 80 may 
discover the set of visible objects in the scene With respect 
to a current vieWpoint. In the preferred embodiment, graphi 
cal computing system 80 may be con?gured to compute 
visibility for three-dimensional objects from a vieW point in 
a three-dimensional coordinate space. HoWever, the meth 
odologies herein described naturally generaliZe to spaces of 
arbitrary dimension. 

[0065] In one embodiment of graphical computing system 
80, the vieWpoint and vieW direction in the graphical envi 
ronment may be changed in response to user input. For 
example, by manipulating mouse 88, depressing keys on 
keyboard 86, manipulating a joystick or game control pad, 
the user may cause the vieWpoint and/or vieW direction to 
change. Thus, graphical computing system 80 may recom 
pute the set of visible objects Whenever the vieWpoint and/or 
the vieW orientation changes. Furthermore, it is quite often 
the case that objects may move Within the 3D scene. Thus, 
graphical computing system 80 may recomputed the set of 
visible objects When the objects in the scene move. 

[0066] In step 225, graphics computing system 80 may 
transmit graphics primitives (e. g. triangles) corresponding to 
the visible objects to a rendering agent for pixel rendering. 

[0067] In step 230, the rendering agent may perform 
rendering computations on the graphics primitives to gen 
erate a stream of pixels. In one embodiment, the rendering 
agent may be graphics accelerator 112. In another embodi 
ment, the rendering agent may be a softWare renderer 
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running on one or more processors (e.g. processors PR1 
through PRM or some subset thereof) con?gured Within 
graphical computing system 80. 

[0068] In step 230, the rendering agent may transmit the 
pixel stream to display device 84 for image display. 

[0069] Visible object determination step 220 may be per 
formed repeatedly as the vieWpoint and/or vieW direction 
(i.e. orientation) changes, and/or as the objects themselves 
evolve in time. 

[0070] In some embodiments, objects may be modeled as 
opaque convex polytopes. A three-dimensional solid is said 
to be convex if any tWo points in the solid (or on the surface 
of the solid) may be connected With a line segment Which 
resides entirely Within the solid. Thus a solid cube is convex, 
While a donut (i.e. solid torus) is not. Apolytope is an object 
With planar sides (e.g. cube, tetrahedron, etc.). The meth 
odologies described herein for opaque objects naturally 
extend to transparent or semi-transparent objects by not 
alloWing such objects to terminate a cone computation. 
Although not all objects are convex, every object can be 
approximated as a union of convex polytopes. It is helpful 
to note that the visible-object-set computation does not 
require an exact computation, but rather a conservative one. 
In other Words, it is permissible to estimate a superset of the 
set of visible objects. 

[0071] Constructing the Object Hierarchy 

[0072] Initially, the objects in a scene may be organiZed 
into a hierarchy that groups objects spatially. An octree is 
one possibility for generating the object hierarchy. HoWever, 
in the preferred embodiment, a clustering algorithm is used 
Which groups nearby objects then recursively clusters pairs 
of groups into larger containing spaces. The clustering 
algorithm employs a simple distance measure and threshold 
operation to achieve the object clustering. FIGS. 4A-4D 
illustrate one embodiment of a clustering process for a 
collection of four objects J00 through J11. The objects are 
indexed in a fashion Which anticipates their ultimate position 
in a binary tree of object groups. The objects are depicted as 
polygons situated in a plane (see FIG. 4A). HoWever, the 
reader may imagine these objects as arbitrary three-dimen 
sional objects. In one embodiment, the objects are three 
dimensional polytopes. 

[0073] Each object may be bounded, i.e. enclosed, by a 
corresponding bounding surface referred to herein as a 
bound. In the preferred embodiment, the bound for each 
object is a polytope hull (i.e. a hull having planar faces) as 
shoWn in FIG. 4B. The hulls H00 through H11 are given 
labels Which are consistent With the objects they bound. For 
example, hull H00 bounds object J00. The hulls are illus 
trated as rectangles With sides parallel to a pair of coordinate 
axes. These hulls are intended to represent rectangular boxes 
(parallelepipeds) in three dimensions Whose sides are nor 
mal to a ?xed set of coordinate axes. For each hull a 
corresponding node data structure is generated. The node 
stores parameters Which characteriZe the corresponding hull. 

[0074] Since a hull has a surface Which is comprised of a 
?nite number of planar components, the description of a hull 
is intimately connected to the description of a plane in 
three-space. In FIG. 5A, a tWo dimensional example is 
given from Which the equation of an arbitrary plane may be 
generaliZed. Aunit vector n [any vector suf?ces but a vector 
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of length one is convenient for discussion] de?nes a line L 
through the origin of the tWo dimensional space. By taking 
the dot product v'n of a vector v With the unit vector n, one 
obtains the length of the projection of vector v in the 
direction de?ned by unit vector n. Thus, given a real 
constant c, it folloWs that the equation x'n=c, Where X is a 
vector variable, de?nes a line M perpendicular to line L and 
situated at a distance c from the origin along line L. In the 
context of three-dimensional space, this same equation 
de?nes a plane perpendicular to the line L, again displaced 
distance c from the origin along line L. Observe that the 
constant c may be negative, in Which case the line (or plane) 
M is displaced from the origin at distance |c| along line L in 
the direction opposite to unit vector n. 

[0075] The line x'n=c divides the plane into tWo half 
planes. By replacing the equality in the above equation With 
an inequality, one obtains the description of one of these 
half-planes. The equality x'n<c de?nes the half-plane Which 
contains the negative in?nity end of line L. [The unit vector 
n de?nes the positive direction of line L.] In three dimen 
sions, the plane x'n=c divides the three-dimensional space 
into tWo half-spaces. The inequality x'n<c de?nes the half 
space Which contains the negative in?nity end of line L. 

[0076] FIG. 5B shoWs hoW a rectangular region may be 
de?ned as the intersection of four half-planes. Given four 
normal vectors n1 through n4, and four corresponding con 
stants c1 through c4, a rectangular region is de?ned as the set 
of points Which simultaneously satisfy the set of inequalities 
x'ni<Ci, Where i ranges from one to four. This system of 
inequalities may be summarized by the matrix-vector 
expression N'x<c, Where the roWs of matrix N are the 
normal vectors n1 through n4, and the components of vector 
c are the corresponding constants c1 through c4. If the 
normal vectors are chosen so as to lie in the positive and 
negative axial directions (as shoWn in FIG. 5B), the result 
ing rectangular region has sides parallel to the axes. It is 
noted that the rectangular hulls H00 through H11 shoWn in 
FIG. 4B all use a common set of normal vectors. Thus, each 
hull is characteriZed by a unique c vector. 

[0077] In three-dimensional space, a rectangular box may 
be analogously de?ned as the intersection of six half-spaces. 
Given six normal vectors n1 through n6, oriented in each of 
the three positive and three negative axial directions, and six 
corresponding constants c1 through c6, the simultaneous 
solution of the inequalities x'ni<ci, Where i runs from one to 
six, de?nes a rectangular box With sides parallel to the 
coordinate planes. Thus, a rectangular box may be com 
pactly represented With the same matrix-vector expression 
Nx<c, Where matrix N noW has six roWs for the six normal 
vectors, and vector c has six elements for the six corre 
sponding constants. 

[0078] To construct an object hierarchy, object hulls H00 
through H11 are paired together as shoWn in FIG. 4C. Each 
pair of object hulls is bounded by a containing hull. For 
example, hulls H00 and H01 are paired together and 
bounded by containing hull H0. Containing-hull H0 contains 
the tWo component hulls H00 and H01. LikeWise, object 
hulls H10 and H11 are paired together and bounded by 
containing-hull H1. In addition, tWo parent nodes are gen 
erated in the object hierarchy, one for each of the containing 
hulls H0 and H1. For simplicity, the parent nodes are 
commonly labeled as their corresponding containing-hulls. 
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Thus, parent node H0 points to its children nodes H00 and 
H01, While parent node H1 points to its children nodes H10 
and H11. Each parent node contains the characteriZing c 
vector for the corresponding containing-hull. 

[0079] The containing-hulls H0 and H1 may be referred to 
as ?rst order containing-hulls since they are the result of a 
?rst pairing operation on the original object hulls. A second 
pairing operation is applied to the ?rst-order containing hulls 
to obtain second-order containing-hulls. Each second-order 
containing-hull contains tWo ?rst-order hulls. For each of 
the second-order containing-hulls a parent node is generated 
in the object hierarchy. The parent node re?ects the same 
parent-child relationship as the corresponding second-order 
containing-hull. For example, in FIG. 4D, second-order 
containing-hull H contains ?rst-order containing-hulls H0 
and H1. Thus, parent node H in the object hierarchy points 
to children nodes H0 and H1. Parent node H stores the 
characteriZing vector c for the containing-hull H. In the 
example presented in FIGS. 4A-4D, the object hierarchy is 
complete after tWo pairing operations since the original 
object collections contained only four objects. 

[0080] In general, a succession of pairing operations is 
performed. At each stage, a higher-order set of containing 
hulls and corresponding nodes for the object hierarchy are 
generated. Each node contains the describing vector c for the 
corresponding containing-hull. At the end of the process, the 
object hierarchy comprises a binary tree With a single root 
node. The root node corresponds to a total containing-hull 
Which contains all subhulls of all orders including all the 
original object-hulls. The object hierarchy, because it com 
prises a hierarchy of bounding hulls, Will also be referred to 
as the hull hierarchy. In the preferred embodiment, the 
pairing operations are based on proximity, i.e. objects (and 
hulls of the same order) are paired based on proximity. 
Proximity based pairing may result in a more ef?cient visible 
object determination algorithm. This tree of containing hulls 
provides a computationally ef?cient and hierarchical repre 
sentation of the entire scene. For instance, When a cone 
completely misses a node’s containing-hull, none of the 
node’s descendents need to be examined. 

[0081] Bounding hulls (i.e. containing hulls) serve the 
purpose of simplifying and approximating objects. Any 
hierarchy of containing hulls Works in principle. HoWever, 
hierarchies of hulls based on a common set of normal 
vectors are particularly efficient computationally. A collec 
tion of hulls based on a common set of normal vectors Will 
be referred to herein as a ?xed-direction or commonly 
generated collection. As described above, a polytope hull is 
described by a bounding system of linear inequalities {xz 
Nxsc}, Where the roWs of the matrix N are a set of normal 
vectors, and the elements of the vector c de?ne the distances 
to move along each of the normal vectors to obtain a 
corresponding side of the polytope. In a ?xed-direction 
collection of hulls, the normal matrix N is common to all the 
hulls in the collection, While the vector c is unique for each 
hull in the collection. The problem of calculating the coef 
?cient vector c for a containing hull given a collection of 
subhulls is greatly simpli?ed When a common set of normal 
vectors is used. In addition, the nodes of the hull hierarchy 
may advantageously consume less memory space since the 
normal matrix N need not be stored in the nodes. In some 
embodiments, the hull hierarchy comprises a ?xed-direction 
collection of hulls. 




















