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Abstract—A triangle setup engine (TSE) generates setup 
parameters for rasterization in 3D graphics hardware. Since 
the TSE must be flexible for various embedded systems, a 
programmable TSE is proposed especially optimized for a 
division-free rasterizer and it shows performance improvement 
up to 4.76 times derived by 3-way SIMD architecture with 
special instructions for matrix-vector multiplication. It is 
integrated with an optimized format converter in 0.13um 
CMOS technology. Its gate count is 210kgates and the power 
consumption is 49.1mW at 166MHz operation frequency. 

I. INTRODUCTION  
3D graphics technology is widely used to increase reality 

in many applications like data representation, movie, game, 
and etc. These applications require a dedicated hardware to 
accelerate its operations because intensive computations of 
3D graphics cannot be processed efficiently in general 
purpose processors. Nowadays, the 3D graphics engine 
begins to be integrated in consumer appliances or mobile 
platforms. Devices with a 3D graphics engine are capable of 
supporting more convenient user interface, high visual 
quality games, and other various applications. 

The architecture of 3D graphics engine is divided into 
two main processing engines. The first half part is called 
geometry engine (GE) which performs transformation and 
lighting with vertex data like position, color, normal, and etc. 
The other half is rasterization engine (RE). Rasterization 
implies to convert triangle data into pixel data. RE produces 
pixel data by linear interpolation and utilizes various 
functions such as texture mapping and fog effect to generate 
more realistic images. Several setup parameters are required 
for the interpolation of a rasterizer and a triangle setup 
engine (TSE) generates these parameters as an interface 
module between GE and RE. 

In this paper, the architecture of a TSE is proposed and 
implemented for 3D graphics engines in embedded systems. 
Since hardware cost is an important design factor in 
embedded systems, various optimization schemes such as a 

division-free rasterizer are used for hardware reduction [1]. 
The developed TSE adopts the programmable architecture 
which provides flexibility. Thus a number of optimized but 
different rasterizers can be implemented without any 
hardware modification of the TSE. Although common 3D 
graphics engines require triangle, line, and point rasterizer 
for each primitive type, the programmable TSE is coupled 
with only triangle rasterizer and supports all primitive types 
with different setup programs. It results in hardware 
reduction of rasterizer unit. TSE performance is improved up 
to 4.76 times by adding instructions specialized for matrix-
vector multiplication and 3-way SIMD architecture. The TSE 
shows balanced performance with other graphics pipelines in 
various operation modes.  

This paper also describes the implementation of a format 
converter (FC). Since the value format of GE, floating point, 
is different from RE, fixed point, the FC converts the floating 
point values to the fixed point. For hardware reduction, a 
sharing method is used for floating point to integer converter 
module (F2I) without performance degradation and reduces 
77.1% of F2I hardware. The proposed TSE and FC are 
designed in Verilog HDL and implemented in 0.13um 
CMOS technology. Equivalent logic gate count is 210kgates 
and operation frequency is 166MHz in a typical operating 
condition. 

This paper is organized as follows. In Section II, 
background of this paper is explained. In Section III and IV, 
the programmable TSE and FC are proposed and described 
in detail.  Simulation and implementation results are 
presented in Section V. We conclude this work in Section VI. 

II. BACKGROUND 
TSE receives the triangle input data which are derived by 

transformation and lighting (Table 1). A TSE converts the 
triangle data into setup parameters required by a rasterizer in 
RE. Since conventional 3D graphics engines use a triangle as 
a drawing primitive, the rasterizer linearly interpolates the 
triangle data to produce pixel data. In Fig. 1, coefficient a, b, 
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and c are a part of setup parameters computed by the TSE.  
With the triangle data, the following equation can be derived. 
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To compute the unknown a, b, and c in (1), a 3x3 inverse 
matrix needs to be generated and multiplied to the vector 
constituted by the triangle data. The coefficients are 
produced for each pixel attribute such as color, fog factor, 
depth, and texture coordinates. Since the generation of the 
coefficients is the most important operation in the TSE, the 
TSE must be optimized for matrix-vector multiplication. 

3D graphics engines for embedded systems utilize 
various methods to reduce hardware cost. The division-free 
rasterizer removes divisions required for the generation of 
perspective-correct texture coordinate and then reduces 
hardware cost and critical path delay by divider overhead. 
Instead it requires several additional setup parameters for the 
interpolation of the rasterizer [1]. 

There are two design choices for TSE implementation: 
hardwired and programmable. Reference [2] assumes a 
simple rasterizer using only increments for the interpolation 
of triangle data and proposes the hardwired TSE optimized 
for gradient evaluation. But various rasterizers adaptive to 
embedded systems cannot be implemented with this 
architecture. It is also possible to use a general purpose 
processor or DSP as a programmable TSE. But those 

programmable TSEs require long latency for the 
computation of setup parameters and can be a bottleneck of 
3D graphics system. Considerable hardware cost is another 
problem of using them as TSEs. 

III. PROGRAMMABLE TRIANGLE SETUP ENGINE 
This paper proposes the programmable TSE that has two 

major benefits compared with a hardwired TSE: 

• A programmable TSE is appropriate for 3D graphics 
engines of embedded systems, because it can be 
adopted by various rasterizers without severe 
hardware modification. As describe above, the 
division-free rasterizer requires additional setup 
parameters and their generation requires different 
operations from 3x3 matrix-vector multiplication. 
The programmable TSE can generate these 
parameters simply by exchanging a setup program. 

• In general, 3D graphics engines support three 
drawing primitives: triangle, line, and point. Since 
each primitive performs different operations, three 
distinct rasterizers need to be implemented. But the 
programmable TSE requires only triangle rasterizer 
to support all of three primitives with different setup 
programs. It approximates a line to two thin triangles 
and a point to two very small triangles.  

Main operation of the TSE is 3x3 matrix-vector 
multiplication. It is the same characteristic as the vertex 
shader engine (VSE) which computes matrix-vector 
multiplication for vertex transformation and other geometric 
operations. To accelerate these per-vertex operations, the 
VSE adopts 4-way SIMD architecture [3]. It is because 
vertex data such as position, color, and texture coordinate 
consist of four components and the same operations are 
applied to each component. The TSE performs the same 
operations to the three components like p0, p1, and p2 in (1). 
Therefore 3-way SIMD architecture is proper for the 
performance. Swizzle, negation, and absolute value 
operation are supported to utilize 3-way SIMD architecture. 
They are performed in decoding stage without latency 
overhead and contribute the performance of the TSE by 
reducing the length of setup programs like the VSE [3]. 

TSE instructions are listed in Table II. They are 
categorized to three instruction classes: basic, matrix, and 
special. The basic class includes the fundamental instructions 
of a general programmable architecture. The matrix class 
includes the instructions accelerating matrix-vector 
multiplication. 3x3 matrix-vector multiplication is performed 
by three successive DP3s while three SIMD multiplications 

TABLE I.  TRIANGLE DATA INPUT OF TSE 

Vertices 32-bit words 
x0, x1, x2, y0, y1, y2, z0, z1, z2 9 

Colors  
r0, r1, r2, g0, g1, g2, b0, b1, b2, a0, a1, a2 12 
Fog factor and texture coordinates  

f0, f1, f2, 
(s00, t00, q00), (s01, t01, q01), (s02, t02, q02), 
(s10, t10, q10), (s11, t11, q11), (s12, t12, q12) 

21 

Two texture coordinates for each vertex to support multi-texture 

 

 
Figure 1.  Linear interpolation of a triangle rasterizer with setup 

parameters 

TABLE II.  TSE INSTRUCTIONS 

Class Instructions 
Basic ADD, MUL, RPC (reciprocal), MOV, NOP, END 
Matrix DP3 (3 term dot product), DP2 (2 term dot product) 
Special PCT (pixel center correction), SEL (maximum selection 

according to src0 sign bits), F2I (floating point to integer 
conversion) 
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and six two-input additions are required in the basic class. 
The special class includes the instructions especially 
proposed to perform the operations of setup parameter 
generation. Several setup parameters must be corrected to 
pixel center, because a rasterizer samples pixel data at a pixel 
center position even if a VSE computes vertex data at an 
arbitrary vertex position. PCT instruction corrects a vertex 
position to its pixel center position as illustrated in Fig. 2. 
Instruction words of the TSE are expressed in 48 bits and 
detailed descriptions are depicted in Fig. 3. The performance 
gain accomplished by 3-way SIMD and the matrix class 
instructions is shown in Fig. 4. 63.2% instructions are 
reduced by 3-way SIMD; especially 3x3 matrix-vector 
multiplications can be parallelized in 3-way SIMD. 
Additionally 15.8% are reduced by the matrix class 
instructions; DP3 and DP2 replace a number of additions and 
multiplications as well as 3-input additions. Total reduction 
of TSE program length for the case in Fig. 4 is 79.0% which 
implies 4.76 times performance improvements. This result 
also illustrates the reason why a general purpose processor 
cannot be used as a programmable TSE. The performance 
gain increases for more complex cases, because the number 
of matrix-vector multiplications increases to generate other 
setup parameters like fog factor and texture coordinates. 

Fig 5. shows the block diagram of the proposed TSE. 
There are four pipeline stages: instruction fetch (IF), 
instruction decoding/operand fetch (ID/OF), execution (EX), 
and write-back (WB). The EX stage contains three adders 
and multipliers to support 3-way SIMD instructions. The 
matrix class instructions can be processed by the 3-input 
adder following the three 2-input multipliers. Only one 
divider is implemented and reciprocal instruction is 

performed by it, because a divider requires large hardware. 
To compute division for three components simultaneously, a 
reciprocal instruction is processed first and then a SIMD 
multiplication is processed with the computed reciprocal 
value. Register file is constructed with input/output buffer 
(IB/OB), temporal register (TR), and constant memory (CM). 
IB stores input triangle data generated by clipping engine 
(CE) ahead of the TSE. It supports only read operation in the 
TSE. OB saves the output setup parameters which will be 
transferred to RE. Since only a part of the outputs are reused 
during the setup parameter generation, the other part of OB 
supports only write operation for the TSE. TR supports both 
read/write operations and has two read ports and one write 
port to read two source operands simultaneously. Instruction 
memory (IM) stores the setup programs which can be 
expanded to 256 instruction words. 

The TSE is controlled by the state machine which has 
three possible states: IDLE, RUN, and HOLD. After reset, 
the state machine stays in IDLE state. Control signal 
indicating that IB data is valid wakes up the TSE and the 
state is transferred to RUN. In RUN state, a program counter 
is updated at every clock and IF stage fetches instructions 
sequentially. END instruction changes the state to HOLD 
which means that the TSE continues processing but the 
program counter is not updated. Since two triangles cannot 
be processed in the TSE simultaneously, HOLD state is 
required to flush TSE pipeline. 

 
Figure 2.  Pixel center correction and its operation. PCT instruction 

generates B position from A. 

 
Figure 3.  TSE instruction format 

 
Figure 4.  TSE program size comparison in a ordinary case; one light 

source, depth enabled, no fog factor, no texture coordinate 

 
Figure 5.  Block diagram of datapath in the proposed TSE 
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IV. FORMAT CONVERTER 
In general 3D graphics engines, GE performs the 

operations with floating point value due to wide dynamic 
range. But RE performs the operations with fixed point value 
because values of RE do not have the wide dynamic range of 
GE. Therefore format converting hardware needs to be 
implemented between the TSE and RE. In the case of the 
division-free rasterizer, different precisions of fixed point 
values are applied to reduce hardware cost. Therefore an FC 
performs converting operations according to the precision of 
setup parameters and shifting to utilize the provided 
precision efficiently. To implement the FC in hardware, 
many floating point to integer converting modules (F2I) are 
required. The number of F2Is and their precision are shown 
in Table III. Most hardware of the FC is constituted by F2Is 
but these F2Is are not used at the same time. A sharing 
scheme is used to reduce hardware cost of the FC. According 
to conversion operations of the FC, nine F2Is are required 
simultaneously and maximum precision, 32 bits, are used for 
these nine F2Is. By using hardware sharing, 77.1% hardware 
reduction is achieved in RTL synthesis results. 

V. SIMULATION AND IMPLEMENTATION 
The proposed TSE and FC are described with Verilog 

HDL. They are verified for many operation modes of GE and 
RE defined by state registers of 3D graphics engine. Fig. 6 
shows the performance comparison between the VSE and 
TSE. Since they execute one instruction per cycle, program 
length directly reflects the performance. For A, B, and C, 
performance differences are less than 30%. Clipping and 
culling reduce the difference additionally by eliminating 
unnecessary vertices up to 50% of total input vertices so that 
balanced performance between the VSE and TSE is acquired. 
In multi-texture cases like D, RE is a general bottleneck of 
overall 3D graphics engine due to massive accesses to 
external texture memory. Therefore the TSE performance is 
enough to catch up with the performance of a 3D graphics 
engine in the various operation modes. With different setup 
programs, line and point rasterizer can be removed from 
rasterizer unit. Fig. 7 illustrates the scene test results for 
triangle, line, and point rasterization. There is no pixel error 
in the scene rendered by the proposed programmable TSE. 

The proposed TSE and FC are implemented in Samsung 
0.13um CMOS technology. The equivalent logic gate is 
166kgates and SRAM size for instruction memory is 
15.3kbytes (43750gates). It operates at 166MHz and 
consumes 49.1mW in a typical operating condition. 

VI. CONCLUSION 
A programmable TSE architecture is proposed and 

implemented in this paper. In the programmable architecture, 
4.76 times performance improvement is obtained by 3-way 
SIMD architecture and the matrix class instructions. Its 
flexibility additionally reduces hardware size of rasterizer 
unit by using various TSE setup programs. An FC is also 
implemented with an optimization method which contributes 
77.1% F2I hardware reduction. In various operation modes, 
the TSE shows balanced performance in 3D graphics engine. 
Aggressive data forwarding and hazard control will be 
studied in the future work to improve the performance of the 
proposed TSE. 
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Figure 6.  Performance comparison between VSE and TSE in various 

operation modes 

 
Figure 7.  Scene test results of (a) triangle, (b) line, (c) point rasterization 

TABLE III.  REQUIRED PRECISIONS AND THEIR COUNT OF F2I IN FC 

F2I precision 
(bits) 

Number of F2I F2I precision 
(bits) 

Number of F2I 

11 3 18 15 
12 4 26 3 
16 18 32 9 

Total hardware cost of above F2Is is 57203 gates. Hardware cost of nine 32-bit F2Is is 13095 gates. 
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