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ABSTRACT 

PE] Mndur 

This paper presents a cost effective VLSI architecture 
to calculate RGB color in 3D graphics lighting stage. 
Phong illumination model [ 11 is exploited for lighting. In 
addition, the proposed architecture also supports point 
light sources, spot light:ources, and infinite light sources 
suggested in OpenGL@ . These various light models are 
widely used in entertainment and game applications. We 
choose appropriate fix-point representation in this 
architecture, which is different from traditional floating- 
point geometry processor. Color accuracy is taken into 
account under fix-point simulation in MESA 3D graphics 
library. Simulation results show that the proposed 
architecture can achieve 1.5M polygondsec and be 
integrated with 3D graphics rasterization stage cost- 
effectively. 

1. INTRODUCTION 

3D computer graphics has been widely used on various 
applications such as entertainment, CAD, CAM, medical 
images and visualization in scientific researches. As 
silicon technology advances, powerful processors can 
bring high quality 3D graphics from workstation to 
desktop PC. Generally speaking 3D graphics 
architectures can be divided into several stages as shown 
in Figure 1. The geometry processor stage includes 
coordinate transformation, clipping, and lighting. 
Rasterize processor stage does scan converge, texture 
mapping, and hidden surface removal. Most of the 3D 
graphics chips focus on accelerating the rasterization 
stage and leave the geometry processing to host CPU 
because of the geometry processing demands lots of 
floating-point operations which cannot easily handled by 
state-of-the-art desktop processor to achieve real time 3D 
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graphics performance. Thus several dedicated geometry 
processor have been proposed [21[31[41[5]. These 
geometry processors improve floating-point operations 
of coordinate transform and lighting in 3D graphics 
geometry stage., However the cost remains very high. Is it 
really necessary that all floating point operations are 
needed in geometry stage? Since coordinate transform 
needs higher precision due to unlimited coordinate range 
in 3D space, hence floating-point operations are 
requested 

But the lighting stages only produces RGB colors, 
which map to fix range between 0 and 255. And most 
parameters are within 0-1. Thus floating point 
representation may become overkill. 
This problem was addressed by Jim Blinn [6][7]. Thus 
we can use fix-point operation for lighting calculation 
and reduce the hardware cost. In this paper, we choose 
adequate word length for fix-point representation in 
lighting stage after software simulation. And the result 
after fix-point simulation shows no difference between 
fixed-point and floating point lighting images. Then a 
fixed-point hardware architecture is proposed to achieve 
real-time 3D graphics performance. Moreover the 
proposed architecture can easily be integrated into 
rasterization stage to achieve more cost-effective 3D 
graphics solution. 
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Fig. 1 Overview of 3D graphics system architecture 
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2. SOFTWARE SIMULATION 

2.1 Illumination models 

Lighting in geometry stage is to apply an illumination 
model to determine the radiant intensity at a given point 
in space. Phong illumination model [l] is widely used in 
most 3D graphics application. In this paper, we choose 
the illumination model used in OpenGL@. The 
illumination model [8] is shown below: 

Cpri is the primary color after lighting. Csec, which is 
used to blend with texture in later stage is the specular 
term of Cpri. Em is emissive color of material. Am, Dm 
and Sm are the ambient, diffuse and specular parameter 
of material. Ali, Dli and Sli are the ambient, diffuse and 
specular parameter of irh light source. “Shine” is the 
specular exponent of material. N denotes the unit normal 
vector of the vertex, L denotes the unit light source 
vector and H is the unit vector indicating the direction of 
the maximum highlight. Atti and Spoti are the attenuation 
factor and spotlight factor of ith light source respectively. 
The formulas of Atti and Spoti are shown below: 

D is the vector length of L. kO, k l ,  k2 are the constant, 
linear, and quadratic attenuation factors of ith light. 
Attenuation factor is used to model the attenuation of 
light intensity. S and Srli are the spot light direction and 
spot light exponent, 8 defines the spread size of spot light 
and cos( 6) is calculated by host CPU. Spoti is used to 
model the spotlight source. 

2.2 Fixed-point Simulation 

According to the illumination model, all of the 
operations are floating-point. These operations include 
add, multiplication, vector normalization, square root, 
reciprocal of square root and reciprocal. Recently CPU 
usually has special instructions to accelerate 32bit 
floating operation, for example: MMX and 3D new 

instruction sets. But excluding addition and 
multiplication, other floating-point operations still 
require very long latency in these CPUs. If fixed-point 
representation is sufficient to achieve acceptable 3D 
graphics image quality, we can reduce the hardware cost 
and accelerate the 3D graphics pipeline. Thus low-cost 
real-time 3D graphics solution becomes possible. 

We-modify MESA (a free OpenGL like 3D graphics 
library) to simulate various fractional word length fixed- 
point representation in many 3D graphics images. Two 
results are shown in Fig.2. 

Fig.2(a) Man, 21,372 times lighting. 

Fig.3(a) MSE of Man. Fig.3(b) MSE of Castle. 

These fixed-point representations are applied on all 
data formats in illumination model including (x,y,z) 
coordinate and all parameters. We can see that when the 
fractional word length of the fixed-point representation is 
larger than 10, the average error is below one. And the 
mean square error is about 50db as shown in Fig.3(a) and 
Fig.3(b). In most API, all of the light and material 
parameters are within limited range [O-11. But the vector 
(x,y,z) representation doesn’t have limited range. Thus 
we have to choose adequate word length for vector to 
meet most applications. Fig.4 shows various fractional 
word length for coordinate and other parameters of the 
teapot. For example: 8x10 means decimal of coordinate 
is 8-bit and decimal of other parameters is 10-bit. 
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Fig.4 Teapot, one point light and one spot light, 
37,632 times lighting 

L??e;.‘ 

Simulation result shows when the fractional word 
length of coordinate and other parameters reach fourteen, 
average error of R,G,B becomes very small and Max 
Error is one. Thus we choose 16 bits representation in 
lighting, where the MSB is for sign bit, the next MSB bit 
is for integer, and the rest 14 bits are for decimal. 
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3. HARDWARE ARCHITECUTURE 
As shown above, the 16-bit futed-point representation 

is sufficient for lighting. Since nowadays CPU with 
multimedia extended instruction can accelerate 32-bit 
floating-point 4x4-matrix multiplication, we can leave 
coordinate transform for CPU and lighting for the 
dedicated hardware. We propose a cost effective 
hardware architecture to accelerate lighting in geometry 
stage, and this hardware can be easy integrated with 
rasterize processor. Fig.5 shows the overall structure of 
this pipeline lighting hardware. 

~~ 
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Fig. 5 Overall of hardware architecture 

3.1 Input, MUL and ADD unit 

Input temporary registers store the fuced-point 
coefficients of material and lights. Multiple light sources 
are supported in this architecture. After inputting these 
coefficients, floating-point normal vectors, light vectors 
and eye vectors are read into lighting hardware. These 
floating-point vectors have to be converted to 16-bit 
fixed-point representation by floating-point to fixed-point 
converter. MUL unit is the multiplier bank. There are 
three two-stage pipeline 16x16 multipliers. These 
multipliers are suitable for vector inner product, like N*L 
or N*H. And this multiplier bank is also suitable for 
RGB color multiplication with many coefficients. ADD 
unit is addition unit. There are three-input 16-bit adders 
and two-input 16-bit adders. 

3.2 Special Arithmetic Unit 

As the formula of illumination shown, there are some 
special arithmetic such as: &, I/&, i/x and xy . 
These operations may require large area and long latency 
to achieve these various special operations in hardware. 
Taylor series or Newton-Raphson iteration is commonly 
used for hardware implementation. But if we want to 
realize these operations in this lighting hardware by 
Taylor series or Newton-Raphson methods, then we 
require four different hardware resources. In order to 
implement all of these operations in one hardware unit, 
we translate all operations to log space, and use table 
lookup scheme to achieve all operations in one special 
arithmetic unit. Below show how these operations are 
converted to log space. 

1 

First, input x is transformed to log space. As we can 
see the integer part of log2x is to find the most left ‘1’ 
position of x and 2’ is just shift x left. Log table stores 
logz(1.y) between 0-1 and y is the decimal. Anti-log 
table store 2‘ between 1-2. Fig. 6 shows the block 
diagram of special arithmetic unit. 

magnitude with 12-bit decimal. The most left position of 
‘1’ in x represents the integer part of logzX. This search 
process is done in MSB search unit to find the integer 
part of log2X. Once x is shifted to this decimal point, the 
remaining 12-bit decimal (assume y) is transferred to log 
table to find the log2(l.y). In order to decrease the table 
size, we store the difference of input and 10g2(l.y). After 
log table lookup, we have to add the input and output of 
the log table to get the exact value of log2(l.y). Combine 
log2(I.y) and integer part, we get log2X. After this, log2X 

The special arithmetic unit input is 17-bit signed 
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is multiplied with 1/2, -1/2, -1 and y depending on which 
operation is requested. Then we do anti-log table lookup. 
The content of anti-log table is the difference of 0.m and 
2'."', so we have to add them to get the anti-log result. 
After this, shift right or left operations are conducted 
depending on the integer part of logarithm. Assume we 
want to find l/(l.Y*2a) : 
log, (1. Y x 2' ) = U + 1 

- logz (1. Y x 2' ) = - U  - logz 1. Y = b.  2 ( b is Integer. z 1s decimal ) 

= 2  = 2  " 2  2 ant1 - log table lookup 

1. Y * logz 1. Y log table lookup 
og 2 

. l o g 2 ( l . Y ~ z u )  b.r b 0.2 0.2 

2 
Both log table and anti-log tables have the same size of 
4096x9. Overall hardware complexity of this special 
arithmetic unit is about 15,000 gates. And the maximum 
error of various table sizes in various arithmetic 
operations is shown in table 1. The error is the difference 
between full floating point and fixed-point operations 
and the input range is from 0 to 1000. As we can see that 
the maximum error is very small when the table size is 
4096. Thus table size of 4096x9 is selected. 

Table Square Root Reciprocial 
size of Square 

Search 

Shift 

I ' 'i 
(1/2 or -112 or -1 or V)'LogX 

Reciprocial 

Fig.6 Block diagram of special arithmetic unit. 

2048 
4096 
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0.021287849 0.003678955 I 0.166666667 
0.01005738 0.004128166 I 0.083333333 

I I Root I 
1024 I 0.040620397 I 0.005533854 1 0.083333333 

3.3 Control Unit 

Control unit is a finite-state machine to control all of 
the operations of lighting. When N*L is smaller than 
zero, this point is not illuminated by light source and it 
only has emission and global ambient color. In this case, 
many operations are not needed, resulting in short 
latency. In our lighting hardware, point light, infinite 
light and spot light sources are supported. Note that N*L 
may become small than zero in every kind of light 
source. Thus there are six different data paths in this 
lighting hardware. This hardware can process one light 
source at one time. If multiple light sources are applied, 
iterations are demanded because there is no data 
dependence or sharing between different light sources. 

3.4 Error Analysis 

The error under this fmed-point architecture becomes 
small if the specular exponent and spot light exponent 
are less than 50. However the error of XY produces larger 
color error which remains acceptable when image quality 
is concerned. For example, when the specular exponent 
and spot light exponent are given in Fig.4 the maximum 
error of RGB is '1'. When applying to maximum 
exponent 128, the maximum error is '6'. But these are 
small ratios in all of the lighting of this teapot. Table 2 
shows the absolute error and distribution. It can be found 
that the results still remain acceptable. 

3.5 Performance Evaluation and Discussion 

The hardware design is based on 0.6um CMOS SFTM 
cell library. Gates count is 75K with 7400um x 7400um 
area. The operation frequency is 70Mhz. For one vertex 
with most complicated spot light source, it needs 23 
cycles to finish all operations. Under this performance, 
the throughput is about 3M vertices per second. This can 
support up to 1.5M polygons/sec for rasterize processor 
(assumes two vertices per polygon). Table 3 shows the 
comparison with other geometry processors. If these 
geometry processors use our fix-point architecture for 
lighting, their performance will burst up. 

4.CONCLUSION 
As the complication of 3D graphics systems becomes 

increasing, dedicated hardware accelerator will be highly 
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demanded. Geometry processing and memory bandwidth 
are two bottlenecks which remain to be solved in 3D 
graphics systems. In this paper, we have proposed an all 
fixed-point lighting processor for 3D graphics 
illumination, where the coordinate transform is left to 
host CPU. This lighting processor decreases the loading 
of host CPU and costs less area than floating-point 
solution. Although it’s fixed-point but the images quality 
remains almost the same. It can be integrated with 
rasterization processor without changing the overall 3D 
graphics pipeline. Also a special arithmetic unit which 
can do square root, reciprocal of square root, reciprocal 
and X is introduced. The proposed fixed-point 
architecture has been verified under software simulation 
and the result shows that our architecture can achieve 
very good quality image. 

Table 3 
I Processor I Peakperformance I I (poiygons/sec) I 

s ~ c i s o o r 2 i  300K* 

* Including coordinate calculation and lighting 
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