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abstract  

A tree-structure based architecture for vector quanti- 
zation (VQ) is proposed and implemented by VLSI in 
this paper. The proposed folded-tree architecture is de- 
signed by 0.8 pm CMOS VLSI technology. The die size 
is 4.65~5.21 mmp and estimated clock rate is about 
34MHz, which satisfies most real-time applications. S- 
ince it is basically a mean squared error computation 
circuit, various kinds of VQ algorithms can apply on the 
proposed architecture. 

Introduction 

In the future, video compression will be broadly applied 
in many situations, from very low bit-rate video tele- 
phone to high quality HDTV. Vector quantization (VQ) 
is deeply researched and discussed for image coding re- 
cently. For the sake of real-time requirements, it is nec- 
essary to design a specific hardware with high-speed pr* 
cessing ability for VQ algorithms. Many variations of 
VQ algorithms have been proposed to improve the per- 
formance. Most of these algorithms either design a code- 
book with particular structure to speed up the encod- 
ing process, or divide the whole codebook into many 
sub-codebooks and the searching within a smaller sub- 
codebook costs much less time. However, many variants 
can be thought as the VQ algorithms with "memory" 
and there are strong relationships between current and 
previous coding tasks. The implementation of VQ should 
consider the properties of data dependency and be more 
flexible to many applications. 

The operation common to  all variants of VQ is the com- 
putation of mean squared error (MSE) between input 
data and VQ codewords. To calculate MSE as soon as 
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possible, the computation element with fast operation 
ability and the support of smooth data flow are both 
important. Since VQ is both "I/O bound" and "com- 
putation bound" with poor data reuse, it is not easy 
to implement VQ in hardware. Some available works 
include bit-serial approaches [I], multiply and accumu- 
late (MAC) approach [2], and systolic array approach [3]. 
In order to solve the realization problems such as large 
1/0 bandwidth, complicated hardware, and irregular da- 
ta  flow, etc., most of the previous approaches change 
data sequence to alleviate these problems while sacrific- 
ing latency and throughput at the same time. Jehng, 
Chen, and Chiueh [4] have developed a tree-structured 
architecture for block matching motion estimation algo- 
rithm. In this paper, this structure is extended to VQ 
algorithms and the proposed architecture is designed by 
VLSI a t  last. 

Previous Algorithms 

VQ is a mapping process from input vector (generally 
4 x 4 block for image coding) to some typical patterns 
which are generated previously. Many kinds of VQ algo- 
rithms have been developed to reduce the coding error 
or shorten the encoding time. Full-search and tree-search 
VQ are the most fundamental operations among all the 
variations. 

The basic operation of full-search VQ can be described 
as follows: 

Loop I: 
Loop 2: 

For each of t he  I codewords 
For each p a r t  of t h e  K dimensions 

Accumulate t h e  squared e r ro r .  

The algorithm of tree-search VQ is very similar excep- 
t that the first loop is a binary search process rather 
than the sequential search in full-search. Tree-search VQ 
decreases the encoding time significantly but the result- 
ed performance becomes suboptimal compared with full- 
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search algorithm. In other methods, for example, finite- 
state VQ algorithm, the searching range is reduced by 
the relationship of state-functions. Full-search or tree- 
search is still necessary but the encoding time is much 
shorter due to the small she of state-codebook. In ad- 
dition, the result of current encoding determines which 
state-codebook should be chosen for the next encoding. 
As a result, memory access becomes irregular and the 
control strategy is more complex. There are similar sit- 
uations in other VQ algorithms with memories. The im- 
plementation of such VQ algorithms should offer short 
latency which makes processing efficient and controller 
simple. In other words, short latency is beneficial for the 
algorithms with irregular memory access and complicat- 
ed control procedures because next task can not begin 
until the result of current task is produced. Intuitively a 
binary tree-structure gives the shortest latency. 

Proposed Architecture 

A .  Full-%e Structure and Previow Approaches 

The basic operation in VQ is the calculation of mean 
squared error (MSE). Full-search VQ can be formulated 
as follows: 
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Where k means the kth dimension and i means the ith 
codeword. X is the input vector and C is the codeword. 
A i , k  = C i , k  and B = -3 C::,C,?,. Similar result can 
be obtained for tree-search VQ: 
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where k means the kth dimension and X means the 
input vector. C o , C 1  are the left and right codeword- 
s at some level of the tree, and A k  = ( c 1 , k  - cO,k), 
B = -3 c&,(c& - c$). The sign in equation ( 2 )  
determines the next search is toward to left or right. 

Clearly the operations of full-search and tree-search VQ 
can be expressed by the sum of products from the above 
formulations. In order to compute the summation of a b  
solute. errors, Jehng [4] has proposed a tree-structured 
architecture for block matching algorithm. A similar ar- 
chitecture is applied for VQ with little modifications, as 
shown in Figure 1. At the bottom, there are sixteen 
multipliers and each multiplier calculates the product of 
input data X and codeword A, in each dimension, as 
described in equation (1) and ( 2 ) .  A binary adder-tree 
generates the mean squared error as soon as possible be- 
cause it has the smallest height. At last, the offset term, 
B, is added to produce the correct result. Unfortunately, 
the full-tree architecture can not be implemented due to 
its huge input bandwidth and chip size. Large amount 
of memory modules and pin count are caused and it is 
impossible to fulfil the full-tree architecture. Some pre- 
vious works [1][2] change data flow for implementation. 
In Figure 2 (a) the data flow of bit-serial approach is 
demostrated. The sixteen multipliers are substituted by 
serial-parallel multipliers. As a result, the bandwidth 
of input and the complexity of multipliers are both re- 
duced. The disadvantages of bit-serial approach is its 
long latency and the overhead of those circuits for da- 
ta  format reordering. Similarly, the data flow diagram 
of MAC approach is shown in Figure 2 (b). There is a 
skewing circuit before the MAC computation core for bit- 
level pipeline which increases MAC'S throughput. MAC 
approach also has the problems of long latency and ex- 
tra circuit overhead. Besides, for all the block processing 
algorithms, line delay element is essential because most 
of the image data is transmitted or stored in raster s- 
can format. Both bit-serial and MAC approaches must 
convert these raster scanned data into sequential order 
and calculate these input one by one, as depicted in Fig- 
ure 2 (c). It is obvious that the data flow is not smooth 
since the bottleneck may occur in the multiplexer. We 
will propose another strategy to solve these problems and 
keep the flexibilities for ordinary VQ algorithms. 

B. Tree-Folding and Interleaving Methods 

Another approach called "tree-folding" is suggested and 
employed in this paper. Figure 3 displays the fold- 
ed tree and its data flow. In fact, the MAC approach 
can be regarded as the $ folded-tree. The proposed 
tree-folding technique lowers both input bandwidth and 
hardware complexity a t  the same time. Since there is no 
data skewing or reordering in this approach, short laten- 
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cy is guaranteed. Sixteen interleaved memory modules 
is necessary for full-tree structure but the f folded-tree 
needs only four modules. Each pixel in screen is stored 
in one memory module and the input of the architecture 
is supported by these interleaved memories. These mod- 
ules are just the same as the line delay elements, which 
exists originally for block processing algorithms such as 
VQ or others. Taking advantage of these line delays as 
interleaved memories, we make data flow more regular 
without any extra circuits. 

Pipeline interleaving can increase the throughput of the 
system, many papers have discussed about it [1][4]. It 
can be applied on the proposed architecture, too. How- 
ever, it makes control complex and needs more extra cir- 
cuits for data buffering. Besides, pipeline interleaving 
can not be executed in the algorithms with strong data 
dependency, such as finite-state VQ algorithms. Short 
latency is more important in these cases because high 
throughput is still available under simple control strate- 
gies. 

C. Eficiency of the Proposed Architecture 

Compared with bit-serial and MAC approaches, the pro- 
posed folded-tree architecture has the shortest latency 
and the smoothest data flow, as mentioned before. For 
those algorithms with irregular memory access, high- 
speed processing requires short latency. The latency 
of bit-serial or MAC approach is seriously prolonged by 
skewing or reordering time. Besides, the computation of 
a complete MSE must accumulate all the sixteen inner 
product terms, so the actual throughput of the system is 
the throughput of a complete MSE. The proposed archi- 
tecture generally generates a meaningful result every four 
clocks, which is also the fastest. Although higher cost of 
hardware is spent, it is not a serious problem due to the 
regularities of modules and modern VLSI technology. 

VLSI Implementation 

To realie the proposed architecture, we implement the 
folded-tree structured architecture by Genesil, which is 
a silicon compiler tool. In the chip, there are four multi- 
pliers, an adder-tree, and an accumulator computing the 
mean squared error. The comparator produces the mini- 
mum finally and reports a message to external controller 
whether a new minimum is generated in full-search algo- 
rithm. For tree-search algorithm, the comparison is exe- 
cuted with zero and the decision toward to left or right 
is made from the result. An external signal determines 
the mode of full-search or tree-search. Each multipler 
has two input ports. One input is the encoding data 
with eight bits resolution and the other is the codeword 
data. the codeword data is expressed by nine bits be- 
cause it is the difference of two codewords in tree-search 

algorithm. Multipliers occupy most of the chip's area 
obviously. In order to simplify the design methodology, 
input data is expressed in non-negative integer form and 
sign-magnitude form for codeword data. Therefore, the 
design of 2's complement multiplier is avoided and the 
speed of the chip is increased. 

Layout of the full chip is displayed in Figure 4. Total 
chip size is about 4.65 x 5.21"' which is small due to 
the regularities of modules and advanced 0.8pm CMOS 
technology. The chip encloses only 22709 transistors and 
100 pins; pin count is the dominant reason to enlarge the 
size of chip. Simulation of its function is passed and es- 
timated clock rate is about 34MHz. In term of the speed 
for many applications or the utilization of hardware, it 
is both efficient and simple. 

Conclusion 

In this paper, a tree-structure based architecture for vec- 
tor quantization algorithms has been proposed. Tree- 
folding technique and interleaving strategy are applied 
to reduce the hardware complexity and increase the 
throughput. Memory interleaving actually is only line 
delay which exists originally therefore there is no over- 
head . The proposed architecture has shorter latency 
and more flexibilities compared with bit-serial and MAC 
approaches. It also owns high throughput and smooth 
data flow. The proposed architecture gives short la- 
tency which is necessary to simplify the design of con- 
troller. A 4.65 x 5.21"' sized chip is designed with 
about 34MHz clock rate. Obviously the chip has regular 
modules and appropriate bandwidth. Its short latency 
and high throughput satisfies the requirements of many 
compression applications. Since it is basically a mean 
squared error computation circuit, it can be used for var- 
ious kinds of VQ, including full-search VQ, tree-search 
VQ, and other VQ algorithms. 
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Figure 1: The proposed tree-structure architecture 
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Figure 3: The folded-tree architecture and its data flow 
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Figure 2: The data flow of bit-serial and MAC approach- 
es Figure 4: The layout of the VQ processor 


