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ABSTRACT 
Reducing the required memory bandwidth is a main issue in 3D 
computer graphics. PN triangle solves the memory bandwidth 
problem by using curved surface representation and tessellation. 
It reconstructs a smooth and detailed 3D model from blocky one 
on graphics hardware and then reduces bandwidth consumption. 
To implement a simple dedicated hardware executing complex 
operations of tessellation, we adopt the de Casteljau algorithm 
and utilize its repetitive property. The proposed PN triangle 
generarion unit can be constructed with only one linear 
r,serpoloror, a number of temporal registers and control logic. 
The analysis of load balancing shows that implementing two 
linear interpolators is the best choice for hardware performance 
and efficiency. 

1. INTRODUCTION 

The 3D models used in the 3D graphics applications such as 
games arc constructed with a number of polygons (typically 
triangles defined by three vertices) and texture images. The more 
polygons a 3D model uses, the better visual quality it has. As the 
number of polygons is increased, however, these large amount of 
data cause memory size and bandwidth problems. 

Various techniques and algorithms have been studied to remove 
the performance bottlenecks of memory size and bandwidth. 
Geometry compression [SI and texture compression 161 are the 
examples of them. The common purpose of these techniques i s  to 
rcduce the quantity of data and bus traffic without degrading the 
visual quality of scenes. Curved point-normal triangle. shortly 
PN triangle, can be considered as a kind of geometry 
compression which reduces a quantity of polygonal data. 

The PN triangle converts every flat triangle of an original 3D 
model into a curved triangular surface (cubic Bezier triangular 
surface) and converts the curved surface into a number of small 
(flat) sub-triangles [ I ] .  The curved surface provides smoother 
silhouette of 3D models and the increased number of triangles 
improves lighting effects. 

The curved surface representation like Bezier surface reduces 
polygonal geometry data by describing a complex 3D model with 
only several control points without many polygons, and thus 
consumes less bandwidth [3]. Since the current 3D graphics 
hardware is optimized to the polygon-based representation, the 
curved surface must be converted into a number of sub-triangles 
before being processed in the traditional graphics hardware. This 
conversion process is called tessellation. The tessellation 
algorithms require a lot of complex operations in general. 
Therefore curved surfaces are typically pre-tessellated in software 
before the transmission of sub-triangle into graphics hardware. 
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As described above, PN triangle generates control points of 
curved surface and repeats complex tessellation operations to 
make a number of sub-triangles. In this paper, we propose 
efficient hardware architecNre of PN triangle generation unit. 
We apply a recursive interpolation algorithm, called de Casteljau 
algorithm. for tessellation and construct a simple hardware 
utilizing the repetitive property of this algorithm. Therefore PN 
triangle can be performed in real-time by dedicated hardware 
without pre-tessellation in s o h a r e .  

This paper is organized as follows. In Section 2 we present PN 
triangle algorithm in detail. In Section 3 we propose hardwarc 
architecture performing PN triangle operations. In Section 4 we 
describe simulation environment and results. 

2. PN TRIANGLES 

2.1 Bkzier Surface 

The BCzicr curve is defined by control points. I t  i s  popularly 
used in Computer-Aided Geometric Design due to the several 
valuable properties 141. Control points of Bezier curve have local 
control over its portion of the curve. Figure I shows the Bezier 
curb'es defined by four control points, namely cubic BCzier curve. 

To describe the inflection of a curved surface (Figure I (b)), 
cubic or higher degree Bezier function is required. PN triangle 
uses cubic Bezier triangular surface to represent a curved surface 
[ I ] .  It is defined by I O  control points in 3-dimensional space 
(Figure I(c)). 

Figure 1. (a), (b) Cubic Btricr curves (c) Cubic BCzier 
triangular surface (dots are control points) 

2.2 Control Point Generation 

The method of control point generation is described in [ I ]  in 
detail. With vertex positions (P,, P,, P, in Figure 2) and normals 
(NI, N2. N,) which an original flat triangle has, PN triangle 
generates geometry and normal control points. The geometry 
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control points define a cubic Bdzier triangular snrface.which 
describes the shape of the 3D model. And the normal control 
points define a quadratic B6zier triangular surface which 
describes the variation of normals. 

Figure 2. Inputs for control point generation 

I O  geometry control points are required to define a cubic B6zier 
triangular surface. Three of them are vertex positions (PI, P2, P,). 
The following equation generates the control point bzt0 in Figure 
3 (a): 

(2.1) 
U12 = ( P z - P , ) .  NI 

brio = ( ~ P I + P I - W L I N C ) I ~  

Here ' ' is the scalar product. blzQo, bOzl, boll, bzol and b102 in 
Figure 2 is generated in the same way. And bill is calculated by: 

E = ( b m  + b m  + bot! + ban + bioi + b m ) / 6  
Y = ( P I + P I + P 3 ) / 3  (2.2) 
bill = E + ( E - Y ) / 2  

Figure 3. (a) Generation of a geometry control point 
(b) Normal control points 

For generating the normal control points, there are two available 
choices. When the curvature of a surface is relatively simple, 
normals can be linearly interpolated across the entire curved 
surface without additional control points. When the curvature of 
a surface is complex, a quadratic BCzier triangular surface is used 
to describe the variation of normals across the Curved surface [I] .  
The quadratic B6zier triangular surface is defined by six control 
points: three vertex normals (NI, N2. NJ, and one for each mid- 
edge point. The mid-edge control point nl10 in Figure 3 (h) is 
generated by: 

(P2 - PI). (NI + N I )  
" , I  = 2 

(Pz-P3).(P,-P,) (2.3) 
niio=him/11htw11, h i io=Nc+N,-vn(P2-Pt )  

not] and nlOl are generated in the same way. And then the curved 
surface is defined completely. 

2.3 Tessellation 

For the PN triangle, the tessellation is to evaluate the vertices of 
suh-triangles on a curved surface. The functions of BCzier surface 
defined by generated control points are: 

b :  R2 4 R', for w = l - U - v ,  U ,  v, w 2  0 

b(u, v )  = brmw' + bamu' + b o d  

+ bm3w2u + bm3wu' + bm3w2v (2.4) 
+ bo~t3u'v+bio23wv2 + bon3uv' 
+btiibwuv 

n :  R' + R', f o r w = l - u - v ,  U. Y ,  w 2 0  

(2 .5)  
n(u, v )  = nmw' +nom'  + bcmzv' 

+ n i i ~ w + n ~ i i u v + n i o i w  

Equation (2.4) is cubic and Equation (2.4) is quadratic Bezier 
surface function. By substituting a number between 0 and 1 for U 
and v in the functions, any vertex values (position, normal) on a 
curved surface can be obtained. The tessellation is the repetitive 
evaluation of these functions to generate every sub-triangle 
(Figure 4 ) .  Since the high order polynomial functions such as 
BCzier surface function are complex to evaluate directly, we 
utilize an efficient method to evaluate vertices on a surface. 

Figure 4. Tessellation according to tessellation levels 

3. PROPOSED ARCHITECTURE 
The PN triangle generation unit implemented in graphics 
hardware achieves several benefits: fast execution, power saving, 
less memory bandwidth consumption, and etc. Therefore we 
propose hardware architecture of PN triangle generation unit. It 
is divided by two parts: Control Point Generation (CPG) and 
Tessellation (TE). 

GPU 
lor..h!cr Plocern". "d 

MEMORY m 
Figure 5. Overview of proposed architecture 

3.1 Control Point Generation (CPG) 

To calculate Equation ( 2 . l ) ,  (2 .2)  and (2.3), floating point 
multiplication, addition, scalar product and normalization are 
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required for each flat triangle. These operations are also executed 
in geometry processing engine (GE) of  current graphics hardware 
for transformation and lighting. Therefore we make use of the 
remained clock cycles of GE for CPG. Since the evaluations are 
performed only one time for each flat triangle, it does not burden 
GE. The CPG part consists of only registers for storing control 
points (Figure 6). 

Figure 6. Block diagram of CPG 

3.2 Tessellation (TE) 

Without a dedicated hardware, the tessellation can be performed 
by GE. Since GE of current graphics hardware is the type of 
programmable processor, the clock cycles required for 
tessellation is estimated by counting the number of instructions. 
For example, vertex shader [IO], which is a assembly language 
program describing geometry operations performed by GE, is 
constructed with 10 instructions to evaluate Equation (2.4): two 
instructions for add, five for mul(multiplication) and three for 
dp3(scalar product). Therefore IO clock cycles are required for a 
vertex evaluation of sub-triangle because each instruction spends 
one clock cycle. 

This tessellation operation is repeated whenever a new vertex of 
sub-triangle is generated. It burdens GE and cause performance 
degradation of graphics hardware. Numerical instability, caused 
by raising small values to high powers, generates errors [4]. And 
it is hard to implement a dedicated hardware performing this 
tessellation operation because of its complexity. 

The de Casteljau algorithm is a better method to evaluate BCzier 
surface functions than the direct substitution used in the example 
of vertex shader [4]. It does not make the problem of numerical 
instability and is appropriate for hardware implementation 
because of its repetitive property. In Figure 7 (a), the de 
Casteljau algorithm is applied to the evaluation of a vertex on a 
cubic Bezier triangular surface. IO linear interpolations are 
performed for the evaluation [SI. 

Since all of linear interpolator blocks, shortly ‘I” blocks in 
Figure 7 (c), perform the same operation, the dedicated hardware 
containing only one ‘INT’ block can evaluate a vertex on a 
BCzier surface. Just use the ‘INT’ block repetitively. As 
described in Figure 7 (c), quadratic Bezier triangular surface and 
linear triangular surface also can he evaluated by ‘INT’ block. 
Therefore TE is simply constructed with a number of ‘INT’ 
blocks and temporal registers storing intermediate values. The 
dedicate hardware of PN triangle generation unit runs parallel 
with GE. 

YYY 111 
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Figure 7. (a) de Casteljau algorithm for triangular cubic Bbzier 
surface @) Internal structure of ‘I” block (c) Operation flow 

of evaluating Bkzier surface by de Casteljau algorithm 

3.3 Load Balancing and Overall Architecture 

The number of ‘INT‘ block implemented in TE depends on a 
hardware designer’s choice. When a single ‘I” block is used in 
TE, hardware cost is minimal but GE must wait for TE every 
time until a new vertex is generated. On the contrary, when a lot 
of ‘INT’ blocks are used, the tessellation is executed quickly but 
TE must wait for GE to finish the geometry operations before 
generating a new vertex. Therefore it is necessary to decide an 
optimal number of ‘I” block in TE which makes both of two 
adjacent blocks, TE and GE, operate all the time. This decision is 
load balancing. Figure 8 describes the variation of required clock 
cycles for tessellation pat? according to the number of ‘I” 
block. 

As illustrated in Figure 8 (a), the clock cycle required by GE for 
processing the remained geometry operations such as lighting for 
a vertex is fixed: IO cycles. Because IO pixels are generated in a 
triangle on the average in applications and one pixel is processed 

I d  Ibl 

Figure 8. (a) Required clock cycles of GE and TE 
(b) Overall architecture of PN triangle operation unit 
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per clock cycle in current graphics hardware, GE spends 10 clock 
cycles for each triangle. The clock cycle required by TE for the 
tessellation decrease from 14 to 3 as the number of ‘MT’ block 
implemented in TE increases. When two ‘MT’ blocks are 
implemented in TE, the performance of TE catches up with the 
performance of GE. For the hest performance and the least 
hardware cost, the optimal number of ‘INT’ block in TE is two. 
Figure 8 (b) describe the overall architecture of PN triangle 
generation unit. 

4. SIMULATION AND RESULT 

Graphics Architecture Testing Environment, called GATE, is 
used for verifying our proposed architecture. GATE is the testing 
environment designed for easy modification and verification of 
3D graphics pipeline based on Microsoft Visual C+t [ I  I]. The 
PN triangle generation unit is constructed with the hardware 
description language of GATE and added to the traditional 3D 
graphics pipeline. Figure 9 shows the visual result of simulation. 

The tessellation level is set to generate 36 sub-triangles for each 
flat triangle. Figure 9 (a) presents the increased number of 
triangles and smoother silhouette of the 3D hearl model. Figure 9 
(b) also presents smoother silhouette and improved lighting 
effccts. Quadratic normal variation shows better lighting effect in 
relatively complex part of the model. 

5. CONCLUSION 

In this paper we have descriSed simple hardware architecture of 
PN triangle generation unit. Although the tessellation require 
complex operations, the architecture can be constructed with 
only one linear interpolator, a number of temporal register and 
control logic by utilizing the repetitive property of the de 
Casteljau algorithm. This simple dedicated hardware provides 
less bandwidth consumption or much better visual quality of 
scenes in the traditional graphics hardware. 
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Figure 9. Simulation results of 3D heart model (a) 
Wireframe (b) Gouraud shading 
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