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BICUBIC SURFACE REAL-TIME 
TESSELATION UNIT 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions 
made by reissue. 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present invention is a continuation of US. application 
Ser. No. 10/732,398, now US. Pat. No. 7,245,299, entitled 
“Bicubic Surface Real-Time Tesselation Unit”, (1935CIP2) 
?led Dec. 9, 2003, issued on Jul. 17, 2007, which is a con 
tinuation-in-part of abandoned US. application Ser. No. 
10/436,698, entitled “Bicubic Surface Rendering,” 
(1935CIP) ?led on May 12, 2003, which is a continuation 
in-part of Ser. No. 09/734,438 ?led Dec. 11, 2000, now US. 
Pat. No. 6,563,501 entitled “Bicubic Surface Rendering,” 
issued May 13, 2003, which claims priority of provisional 
application No. 60/222,105, ?led on Jul. 28, 2000, which are 
hereby incorporated by reference. 

FIELD OF THE INVENTION 

The present invention relates to computer graphics, and 
more speci?cally to a method and apparatus for rendering 
bicubic surfaces in real-time on a computer system. 

BACKGROUND OF THE INVENTION 

Object models are often stored in computer systems in the 
form of surfaces. The process of displaying the object (cor 
responding to the object model) generally requires rendering, 
which usually refers to mapping the object model onto a two 
dimensional surface. At least when the surfaces are curved, 
the surfaces are generally subdivided or decomposed into 
triangles in the process of rendering the images. 
A cubic parametric curve is de?ned by the positions and 

tangents at the curve’s end points.A BeZier curve, as shown in 
FIG. 5 for example, is de?ned by a geometry matrix of four 
points (Pl-P4) that are de?ned by the intersections of the 
tangent vectors at the end points of the curve. Changing the 
locations of the points changes the shape of the curve. 

Cubic curves may be generalized to bicubic surfaces by 
de?ning cubic equations of two parameters, s and t. In other 
words, bicubic surfaces are de?ned as parametric surfaces 
where the (x,y,Z) coordinates in a space called “world coor 
dinates” (WC) of each point of the surface are functions of s 
and t, de?ned by a geometry matrix P comprising 16 control 
points (FIG. 5). 

While the parameters s andt describe a closed unidimen 
sional interval (typically the interval [0,1]) the points (x,y,Z) 
describe the surface: 

x:f(s,t), y:g(s,t), Z:h(s,t) se[0,1], t.e[0,1], where e repre 
sents an interval between the two coordinates in the paren 
thesis. 

The space determined by s andt, the bidimensional interval 
[0,1]><[0,1] is called “parameter coordinates” (PC). Textures 
described in a space called “texture coordinates” (TC) that 
can be two or even three dimensional are described by sets of 
points of two ((u,v)) or three coordinates ((u,v,q)). The pro 
cess of attaching a texture to a surface is called “texturei 
object association” and consists of associating u, v and q with 
the parameters s and t via some function: 
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2 
FIGS. 1A and 1B are diagrams illustrating a process for 

rendering bicubic surfaces. As shown in FIG. 1A, the prin 
ciple used for rendering such a curved surface 10 is to subdi 
vide it into smaller four sided surfaces or tiles 12 by subdi 
viding the intervals that de?ne the parameters s and t. The 
subdivision continues until the surfaces resulting from sub 
division have a curvature, measured in WC space that is below 
a predetermined threshold. The subdivision of the intervals 
de?ning s and t produces a set of numbers {si} where the 
indexes i and j represent the number of rows and colomns in 
the resulting subdivision, i:1,n and {tj } j:1 ,m that determine 
a subdivision of the PC. This subdivision induces a subdivi 
sion of the TC, for each pair of parameters (si,tj) we obtain a 
pair (uiJ, vii.) (or a triplet (uiaj, vii, qiJ)). Here ui,j:a(si,tj), 
vi,j:b(si,tj), qi,j:c(si,tj) represent texture coordinates. For 
each pair (si,tj) we also obtain a Cartesian point (called “ver 
tex”) in WC, V1,j (f(si,tj),g(si,tj),h(si,tj)). A special type of 
texture, called displacement map having the pair (p,r) as 
coordinates can be used to generate special lighting effects. 
For each pair of parameters (si,tj) we also obtain an index pair 
(pi,j ri,j) that index a displacement value (dxi,j, dyi,j, dZi,j). 
for the vertex Vi,j. 

This process is executed off-line because the subdivision of 
the surfaces and the measurement of the resulting curvature 
are very time consuming. As shown in FIG. 1B, when all 
resulting four sided surfaces (tiles) 12 is below a certain 
curvature threshold, each such resultant four-sided surface 12 
is then divided into two triangles 14 (because they are easily 
rendered by dedicated hardware) and each triangle surface 
gets the normal to its surface calculated and each triangle 
vertex also gets its normal calculated. The normals are used 
later on for lighting calculations. 

Furthermore, each vertex or triangle plane normal needs to 
be transformed when the surface is transformed in response to 
a change of view of the surface, a computationally intensive 
process that may need dedicated hardware. Also, there is no 
accounting for the fact that the surfaces are actually rendered 
in a space called “screen coordinates” (SC) after a process 
called “projection” which distorts such surfaces to the point 
where we need to take into consideration the curvature in SC, 
not in WC. 
The state of the art in today’s hardware architecture for 

rendering relies overwhelmingly on triangle databases such 
as meshes, strips, fans. The current state of the art in the 
computer graphics industry is described in FIG. 2, which 
shows an architecture of a conventional computer graphics 
system, including the architecture of a graphics processing 
unit (GPU). A CPU 1, executes a software application in the 
form of a game play or a physical or chemical simulation, etc., 
in which objects to be rendered are represented as triangle 
meshes in an object database stored in memory. The triangle 
meshes are transmitted over an accelerated graphics port 
(AGP) bus 6 to the GPU 5, which is typically part of a display 
adapter (video card). The AGP bus 6 is a high-speed port that 
is designed for the display adapter only to provide a direct 
connection between the card and memory. The GPU 5 
includes a transform unit 2, a lighting unit 3 and a renderer 
unit 4. 
The object modeling in the application is executed on 

parametric surfaces such as nurbs, BeZier, splines, and the 
surfaces are subdivided or tessellated off-line and stored as 
triangle vertices in a triangle database by means of commer 
cially available tools, such as the Alias suite. The triangle 
vertices are then transmitted from the CPU 1 (the triangle 
server) to the GPU 5 (the rendering engine) at the time for 
rendering. Previous attempts to execute the tessellation in 
hardware in real-time have not been successful because of the 
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severe limitations of the implementation so the current state 
of the art has been off-line tessellation. 

Unfortunately, the off-line tessellation produces a ?xed 
triangulation that may exhibit an excessively large number of 
very small triangles When the object is far aWay. Triangle 
rendering in this case is dominated by the processing of 
vertices (transformation, lighting) and by the triangle setup 
(the calculation of the color and texture gradients). Since 
triangles may reduce to a pixel or less, it is obvious that this is 
an inef?cient treatment. 

Conversely, When the object is very close to the vieWer, the 
composing triangles may appear very large and the object 
looses its smoothness appearance, looking more like a poly 
hedron. 

The increase in the scene complexity has pushed up the 
number of triangles, Which has pushed up the demands for 
higher bus bandWidth. For example, the bus 6 that connects 
the CPU 1 With the GPU 5 has increased 8x in frequency, 
from AGP 1x to AGP 8x in the PC space in the last feW years. 
There are physical constraints in terms of signal propagation 
that preclude the continuation of the frequency increase in bus 
design. 

With the advent of faster arithmetic it has become possible 
to change the current architecture such that the CPU 1 Will 
serve parametric patches and the renderer 5 Will triangulate 
such patches in real-time. There are very feW past attempts of 
implementing real-time tesselation in hardWare. Sun Corpo 
ration tried in the mid-80’ s to implement such a machine. The 
implementation Was based on an architecture described in a 

paper by Lien, Sheue-Ling, ShantZ, Michael, Pratt, Vaughan 
“Adaptive Forward Differencing for Rendering Curves and 
Surfaces”, Siggraph ’87 Proceedings, pp. 111-118 and in a 
series of associated patents. The implementation Was not a 
technical and commercial success because it made no good 
use of triangle based rendering, trying instead to render the 
surfaces pixel by pixel. The idea Was to use adaptive forWard 
differencing in interpolating in?nitesimally close parallel 
cubic curves imbedded into the bicubic. The main drawback 
Was that sometimes the curves Were too close together, result 
ing into pixel overstrikes and other times the curves Were too 
far apart, leaving gaps. Another draWback Was that the 
method is sloW. 

In the early 90’s Nvidia Corporation made an attempt to 
introduce a biquadric based hardWare renderer. The attempt 
Was not a technical and commercial success because biquad 
rics have an insu?icient number of degrees of freedom, all the 
models use bicubics, none of the models uses biquadrics. 
More currently, Henry Moreton from Nvidia has resur 

rected the real-time tesselation unit described in the US. Pat. 
No. 6,597,356 entitled “Integrated Tesselator in a Graphics 
Processing Unit,” issued Jul. 22, 2003. Moreton’s invention 
doesn’t directly tesselate patches in real-time, but rather uses 
triangle meshes pre-tesselated off-line in conjunction With a 
proprietary stitching method that avoids cracking and pop 
ping at the seams betWeen the triangle meshes representing 
surface patches. His tesselator unit outputs triangle databases 
to be rendered by the existing components of the 3D graphics 
hardWare. 

Accordingly, What is needed is a system and method for 
performing tessellation in real-time. The present invention 
addresses such a need. 

SUMMARY OF THE INVENTION 

The present invention provides a graphics processing unit 
for rendering objects from a softWare application executing 
on a processing unit in Which the objects to be rendered are 
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4 
received as control points of bicubic surfaces. According to 
the method and system disclosed herein, the graphics pro 
cessing unit includes a transform unit, a lighting unit, a ren 
derer unit, and a tessellate unit for tessellating both rational 
and non-rational object surfaces in real-time. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention Will be described With reference to 
the accompanying draWings, Wherein: 

FIGS. 1A and 1B are diagrams illustrating a process for 
rendering bicubic surfaces. 

FIG. 2 describes the current architecture of a computer 
graphics system, in speci?c the current architecture of a 
graphics processing unit (GPU). 

FIG. 3 describes the neW architecture of a GPU that 
includes a Tessellator Unit inserted betWeen the Transform 
Unit and the Light Unit. 

FIG. 4 describes the architecture of an internet system 
employing multiple CPU’s at the receiving end performing 
real-time tessellation. 

FIG. 5 illustrates a bicubic surface. 
FIG. 6 describes the recursive subdivision of the convex 

hull of a BeZier curve. 

FIG. 7 describes the texture mapping process. 
FIG. 8 illustrates the recursive subdivision of the convex 

hull of a bicubic surface. 
FIG. 9 shoWs hoW to calculate one criterion for terminating 

the subdivision. 
FIG. 10 shoWs hoW cracks can appear at the T-j oints on the 

boundary curves betWeen surfaces. 
FIG. 11 shoWs hoW to “Zipper” the cracks at the T-joints. 
FIG. 12 shoWs hoW using the same subdivision for neigh 

boring surfaces completely avoids the cracks. 
FIG. 13 shoWs an example of a strip of surfaces. 
FIG. 14 shoWs an example of a fan of surfaces. 
FIG. 15 shoWs an example ofa mesh of surfaces. 

DESCRIPTION OF THE INVENTION 

The present invention is directed to a method and apparatus 
for minimizing the number of computations required for the 
subdivision of bicubic surfaces into triangles for real-time 
tessellation. The folloWing description is presented to enable 
one of ordinary skill in the art to make and use the invention 
and is provided in the context of a patent application and its 
requirements. Various modi?cations to the preferred embodi 
ment Will be readily apparent to those skilled in the art and the 
generic principles herein may be applied to other embodi 
ments. Thus, the present invention is not intended to be lim 
ited to the embodiment shoWn but is to be accorded the Widest 
scope consistent With the principles and features described 
herein. 

Because prior art methods for performing surface subdivi 
sion are so sloW and limited, a method is needed for rendering 
a curved surface that minimiZes the number of required com 
putations, such that the images can potentially be rendered in 
real-time (as opposed to off-line). 
US. Pat. No. 6,563,501, by the Applicant of the present 

application, provides an improved method and system for 
rendering bicubic surfaces of an object on a computer system. 
Each bicubic surface is de?ned by sixteen control points and 
bounded by four boundary curves, and each boundary curve 
is formed by boundary box of line segments formed betWeen 
four of the control points. The method and system include 
transforming only the control points of the surface given a 
vieW of the object, rather than points across the entire bicubic 
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surface. Next, a pair of orthogonal boundary curves to process 
is selected. After the boundary curves have been selected, 
each of the curves is iteratively subdivided, as shoWn in FIG. 
6, Wherein tWo neW curves are generated With each subdivi 
sion. The subdivision of each of the curves is terminated When 
the curves satisfy a ?atness threshold expressed in screen 
coordinates, Whereby the number of computations required to 
render the object is minimized. 

The method disclosed in the ’501 patent minimiZes the 
number of computations required for rendering of an object 
model by requiring that only tWo orthogonal curves of the 
surface be subdivided, as shoWn in FIG. 8. As the number of 
computations is decreased, the entire rendering process can 
potentially be performed in real-time. In addition, the com 
putations for subdivision are performed by expressing the 
criteria of terminating the subdivision in the screen coordi 
nates (SC). As the curvature is estimated based on hoW ?at it 
appears to be in SC (pixels), rather than hoW curved it is in 
WC, the number of computations required may further be 
minimized. As a result, the possibility of rendering images in 
real-time is further enhanced. In addition, alloWing the cur 
vature to be measured in SC units also alloWs for accommo 
dating the distance to the vieWer, thus giving the process an 
“automatic level of detail” capability. 

The present invention utiliZes the above method for mini 
miZing the number of computations required for the subdivi 
sion of bicubic surfaces into triangles in order to provide an 
improved architecture for the computer graphics pipeline 
hardWare. The improved architecture replaces triangle mesh 
transformation and rendering With a system that transforms 
bicubic patches and tesselates the patches in real-time. This 
process is executed in a real-time tesselation unit that replaces 
the conventional transformation unit present in the prior art 
hardWare 3D architectures. 

According to the present invention, the reduction in com 
putations is attained by reducing the subdivision to the sub 
division on only tWo orthogonal curves. In addition, the cri 
teria for sub-division may be determined in SC. The 
description is provided With reference to BeZier surfaces for 
illustration. Due to such features, the present invention may 
enable objects to be subdivided and rendered in real -time. The 
partition into triangles may also be adapted to the distance 
betWeen the surface and the vieWer resulting in an optimal 
number of triangles. As a result, the effect of automatic level 
of detail may be obtained, Whereby the number of resulting 
triangles is inversely proportional With the distance betWeen 
the surface and the vieWer. The normals to the resulting tiles 
are also generated in real-time by using the cross product of 
the vectors that form the edges of the tiles. The texture coor 
dinates associated With the vertices of the resulting triangles 
are computed in real-time by evaluating the functions: u:a(s, 
t) v:b(s,t). The Whole process is directly in?uenced by the 
distance betWeen vieWer and object, the SC space plays a 
major role in the computations. 

The steps involved in the combined subdivision and ren 
dering of bicubic surfaces in accordance With the present 
invention are described beloW in pseudo code. As Will be 
appreciated by one of ordinary skill in the art, the text betWeen 
the “/*” and “*/” symbols denote comments explaining the 
pseudo code. All steps are performed in real-time, and steps 0 
through 4 are transformation and tessellation, While steps 5-7 
are rendering. 

Step 0 
/* For each surface transform only 16 points instead of 

transforming all the vertices inside the surface. There is no 
need to transform the normals to the vertices since they are 
generated at step 4*/. 
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6 
For each bicubic surface 
Transform the 16 control points and the single normal that 

determine the surface 
Step 1 
/* Simplify the three dimensional surface subdivision by 

reducing it to the subdivision of tWo cubic curves */. 
For each bicubic surface 
Subdivide the boundary curve representing s interval until 

the projection of the length of the height of the 
curve bounding box is beloW a certain predetermined num 

ber of pixels as measured in screen coordinates. 
Subdivide the boundary curve representing t interval until 

the projection of the length of the height of the curve bound 
ing box is beloW a certain predetermined number of pixels as 
measured in screen coordinates. /*Simplify the subdivision 
termination criteria by expressing it in screen coordinates 
(SC) and by measuring the curvature in pixels. For each neW 
vieW, a neW subdivision can be generated, producing auto 
matic level of detail */. 

Step 2 
For all bicubic surfaces sharing a same parameter (either s 

or t) boundary Choose as the common subdivision the reunion 
of the subdivisions in order to prevent cracks shoWing along 
the common boundary. 4ORi 

Choose as the common subdivision the ?nest subdivision 
(the one With the most points inside the set) 

/* Prevent cracks at the boundary betWeen adjacent sur 
faces by using a common subdivision for all surfaces sharing 
a boundary */ 

Step 3 
/* Generate the vertices, normals, the texture coordinates, 

and the displacements used for bump and displacement map 
ping for the present subdivision */ 

For each bicubic surface 
For each pair (si,tj) of parameters /*All calculations 

employ some form of direct evaluation of the variables. Here, 
i and j represent a number of roWs and columns, respectively 
*/ 

Calculate (texture coordinates (ul-J vi’,- ql-J) and displace 
ment cooredinates (pl-J. r1. J) for ver‘tex Vi,j) thru interpolation 

/*texture-, displacement map and ver‘tex coordinates as a 
function of (si,tj)*/ 
Look up vertex displacement (dxl-J, dyl-J, dZl-J) correspond 

ing to the displacement coordinates (pl-J- rl-J) 
Generate triangles by connecting neighboring vertices. 
Step 4 
For each vertex Vi,j 
Calculate the normal Ni’,- to that vertex /* Already trans 

formed in WC */ 
Calculate (dNl-J)/*normal displacement for bump mapping 

as a function of (si,tj)*/ 
N'l-J:Nl-J+dNl-J/*displace the normal for bump mapping*/ 
V'l-J:Vl-J+(dxl-J, dyl-J, dZl-J)*Nl-J /*displace the vertex for 

displacement mapping*/ 
/* bump and displacement mapping are executed in the 

renderer, pixel by pixel for all the points inside each triangle 
*/ 

For each triangle 
Calculate the normal to the triangle /*used for culling */ 
Step 5 
For each triangle 
Clip against the vieWing vieWport 
Calculate lighting for the additional vertices produced by 

clipping 
Cull backfacing triangles 
Step 6 
Project all the vertices Vi,j into screen coordinates (SC) 
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Step 7 

Render all the triangles produced after clipping and pro 
jection 

Referring noW to FIG. 3, a block diagram of the graphics 
system of the present invention is shown, Where like compo 
nents from FIG. 2 have like reference numerals. The present 
invention utilizes the above algorithm to provide an improved 
graphics system 10. The system 10 includes CPU 1 and GPU 
7. According to the present invention, the GPU 7 includes a 
transform unit 2, a lighting unit 3, a renderer unit 4, and a 
tessellate unit 9 coupled betWeen the transform unit 2 and the 
lighting unit 3 for tessellating both rational and non-rational 
object surfaces in real-time. 

In operation, the CPU 1 executes a softWare application 
and transmits over the AGP bus 6 the object database 
expressed in a compressed format as control points of the 
bicubic surfaces. The control points of the bicubic surfaces 
are transformed by the transform unit 2, and then the surfaces 
are tessellated into triangles by the tessellate unit 9. The 
tessellate unit 9 executes the microcode described above in 
the Step 1 through Step 4, thereby affecting the real-time 
tessellation. The vertices of the triangles are then lit by the 
lighting unit 3 and the triangles are rendered by the renderer 
unit 4 executing steps 5 through 7. 

FIG. 4 is a diagram illustrating architecture of a netWork 
based graphics system targeting for performing real-time tes 
sellation for online gaming according to a second preferred 
embodiment of the present invention. This second embodi 
ment targets the interactive multi-player game play over a 
network, such as the lntemet in Which multiple client com 
puters 14 comprising a CPU 1 and GPU 5 are in communi 
cation With a server 12. The server 12 sends object databases 
over the lntemet in the form of control points for bicubic 
patches to the CPUs 1 for tessellation of the databases into 
triangles. The CPUs 1 then transfer the triangles to conven 
tional GPU’s 5 comprising transform units 2, lighting units 3 
and renderer units 4. In this embodiment, it is the CPUs 1 that 
execute the microcode steps 0 though 4 described above to 
effect the real-time tessellation. Note, that the CPUs 1 also 
execute Step 0, the transformation of the control points. 

Referring again to US. Pat. No. 6,563,501, We use the 
described subdivision algorithm While applying our termina 
tion criterion. The geometric adaptive subdivision induces a 
corresponding parametric subdivision. 
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8 
The geometry vectors of the resulting left and right cubic 

curves may be expressed as folloWs: 

L1 8000 P1 

L2 4400 P2 
GL: —1/8* =1/8*DL*G 

L3 2420 P3 

L4 1331 P4 

8000 

4400 
Where DL : 

2420 

1331 

P1 

P2 
G = 

P3 

P4 

R1 1331 P1 

R2 0242 P2 
GR: =1/8* * =1/8*DR*G 

R3 0044 P3 

R4 0008 P4 

0242 

1331 
Where DR : 

0044 

0008 

The edge subdivision results into a subdivision of the para 
metric intervals s {so,sl, . . . si, . . . sm} andt{to,tl, . . .tj, . . .tn}. 

Only these tWo parametric subdivisions are stored for each 
surface since this is all the information needed to calculate the 
vertices, 

x(s,t):S*Mb*Px*Mbt*T Wherein S:[s3 s2 s 1] T:[t3 t2 t 
1]’ The superscript t indicates transposition 

—3 +1 

+3 0 

+3 0 0 

+1 0 O 0 

Mb : Mb’ is transposed of matrix Mb 

P11 

P21 

P31 

P41 

P12 

P22 

P32 

P42 

P13 P14 

P23 P24 

P33 P34 

P43 P44 x 

Px: 

Where 

P11 P12 P13 P14 

P P21 P22 P23 P24 

y_ P31 P32 P33 P34 

P41 P42 P43 P44 y 

For sIconstant the matrix M:S*Mb*PZ*Mbt is constant 
and the calculation of the vertices V(x(s,t),y(s,t),Z(s,t)) 
reduces to the evaluation of the vector T and of the product 










