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ABSTRACT 
T h i s  paper presents a novel m e m o r y  arch i tec ture  for 

motion e s t i m a t i o n  processor design. By means of con- 
d i t iona l  select ion s t ra tegy ,  data i t e m s  which can be 
reused are stored in m e m o r y  banks and arranged i n  
a snakelike way. Both integer  and half pixel  motion 
vectors can be obtained b y  the proposed architecture 
and an a r r a y  processor, where m e m o r y  bandwidth can 
be minimized and hence 1/0 pin-count  can be reduced 
a lot. The proposed architecture is then demonstrated 
b y  a test chip,  whose hardware efficiency of processor 
elements is 100% when in teger  motion vector  is de- 
manded. 

1. INTRODUCTION 
Video codecs for video phone, video conference, and HDTV 
systems have become available as a result of recent progress in 
video coding techniques [1,2]. Among them, motion estima- 
tion is one of the key components of high-compression video 
codecs. The most popular technique for motion estimation is 
the block matching algorithm (BMA) for a simple hardware 
implementation. However, the computational complexity in- 
herent in BMA lies in the following factors: (a) frame rate, (b) 
frame size, and (c) search area. For a typical BMA, a current 
frame is divided into a block of pixels (NXN) which are often 
named reference data. The block of pixels is compared with 
the corresponding candidate blocks within a search area of size 
(N+2P)X(N+2P) in the previous frame. Here P is the max- 
imum displacement allowed in both horizontal and vertical 
directions. Motion vector is obtained from the displacemenx 
whose distortion is the minimum among all candidates within 
the search area. 

Many architectural solutions €or implementing BMA can 
be found in the literature [4,5,6,7,8,9]. Most of the solu- 
tions concentrated on the data  flow within processor element 
(PE) array. Therefore systolic array approach has been highly 
exploited in VLSI implementation. However, this approach 
causes some problem in data flow outside PE array. In other 
words, much overhead on memory bandwidth is requested to 
provide a scheduled data  sequence in order to  meet the need 
of P E  array. Therefore a lot of I/O pins are needed, resulting 
in higher packaging cost. In addition. due to  pipeline filling at  
the boundary of search area, hardware efficiency, which can be 
expressed by Eh = (m)', is degraded a lot. Also most ME 
solutions do not cover half-pixel operations which are specified 
in MPE62 coding standard 131. 
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Fig.1. Search da ta  is  organized in a snakelike stream format to 
meet scheduled d a t a  flow needed by PEA. 

In this paper, we propose a memory archietcture to  cope 
with these problems. In section 2, the required memory ac- 
cesses for both integer and half pixel operations are first pre- 
sented. Then a cost-effective memory architecture is designed 
to meet data  flow requirement and, in the meantime, to  mini- 
mize memory bandwith. In section 3, a demonstrator design of 
motion estimation processor for N=P=16 is described, where 
emphasis is on the design of dedicated memory and PE array 
to  reach 100% hardware efficiency. 

2 .  MEMORY BANDWIDTH REQUIREMENT 
AND A R C H I T E C T U R E  

2.1. Integer Pixel O p e r a t i o n  
Recently the snake-like data  stream has been proposed to  re- 
duce 1/0 bandwidth for full-search motion estimation [8,9]. 
As shown in Figure 1, input data  is loaded from externally and 
stored in an internal buffer. This internal buffer offers parallel 
data items for P E  array (PEA) to  compute minimun distor- 
non. In the meantime, the processed data  are then stored in 
the next row for computing distortion of next candidate. In 
this way, memory bandwidth can be reduced because those 
reused data can be immediately obtained from this internal 
buffer. The storage size for the buffer can be expressed by 
(N-l)X( N+2P).  

However, there is one drawback in this proposal because the 
rest N-1 data  items are still needed when boundary is detected. 
This implies that some processor elements of PEA becomes 
idle or not working on correct data  items. Therefore hard- 
ware efficiency becomes degraded, though 1/0 is minimized. 
For example, if N=P=8, the achieved hardware efficiency i 
only 50.2%. To overcome this problem, the internal buffer 
is replaced by a multi-bank memory as shown in Figure 2. 
Here the (N+2P) size is now divided into two groups which 
are used to  store non-boundary and boundary data respec- 
tively. For non-boundary data, i.e. the first 2P+l items, data  
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Fig.2. Organization of the stream memory banks. Note t h a t  
these two sections are working simultaneously to reach 100% 
efficiency when boundary is detected. 
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Fig.3. Illustration of half-pixel operation. (a) 8 surrounding can- 
didates a n d  (b) processing sequence. 

are pumped into the PEA as described above. For bound- 
ary data, i.e. the rest N-1 items, both boundary da ta  from 
the current row (i) and non-boundary data from the next row 
(i+l)  have to be pumped into the PEA to ensure that every 
P E  is working on target da ta  items instead of remaining i d k  
or processing wrong or non-used da ta  when boundary is de- 
tected. From the above description, it can be found that L 
readlwrite operations are needed for non-boundary da ta  and 
2 readlwrite operations for boundary data in this memory 
bank. Therefore another input port is needed to supply these 
boundary data. Under this memory architecture, it can be 
found that a motion vector can be obtained after (2P+l)” 
cycles. 

A test chip based on this memory architecture for BMA 
has been implemented using a 0.8 pm CMOS double metal 
process [lo]. More details about this test chip are presented 
in next section. 

2.2. Half-Pixel Operation 
Once motion vector with integer position is found, it can be 
modified to compute more precise motion vector with half- 
pixel representation as required in [3]. In principle, wle can 
read in the candidate block with minimum distortion from 
external memory once it is determined. However this results 
in (1) increasing 110 bandwidth because of da ta  fetch from 
external memory and (2) increasing execution time because of 
data initialization in the memory bank, i.e. PEA has to be idle 
for at least (N-1)X(2P+I) cycles before half-pixel operations 
are executed. 

These two problems can be solved by a dynamic selection 
scheme to control which candidate should be stored for later 
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Fig.4. The proposed memory architecture for both integer and  
recursive half-pixel operations. Detailed structure of each1 post- 
processing uni t  is included. 

processing. A control gate and line delay are added to de- 
termine whether the pumped data from memory banks have 
to be stored or not. Only when the candidate block hiis less 
distortion than current candidate will the corresponding block 
data be stored. These data are stored in another bank for half- 
pixel operations. As shown in Figure 3(a), once integer motion 
vector is found, there are 8 candidates to  be further processed 
in order to  find the half-pixel motion vector. Each of the 8 
candidates are obtained by their surrounding interger ]pixels. 
For example, the CI is the average of PI and P4 while CO is 
the average of Po, P I ,  P3, and P4. As shown in Figure 3(b), 
these candidates are processed in the following sequence: C,, 
CS , C3, C, , CO, CZ , C5, C7. Each candidate requires N cycles 
to compute distortion value. However each of the 3 candidate 
pairs which are on the same row, i.e. (CO, Cz) (C3, C4) and 
( ( 7 5 ,  CT),  only requires N+1 cycles. Thus it takes 3(N+1)+2N 
= 5N+3 cycles to find the minimum distortion among these 8 
candidates. 

To pump this da ta  sequence into the PEA, it is necessary 
to put a post-processing block before these data are Iouted 
to PEA. As shown in Figure 4, multiplexer, delay element, 
and adder are assigned to  this block. By controlling the mul- 
tiplexer, required data flow for both integer and half pixel 
operations can be obtained. For example, if CO is to be pro- 
cessed, da ta  items from two neighbouring rows are added and 
shifted down I-bit to get their average which is sent to PEA for 
distortion computation. In the meantime, these average val- 
ues are conditionally written back to  the same memory bank 
if more precise motion vector is requested. The computation 
of more precise motion vector is similar to  those operations 
needed for the half-pixel motion vector. 

Here we summarize the operation of this proposed memory 
architecture given in Figure 4 for motion estimation: 

for integer-pixel operation: da ta  are directly pumped 
into PEA and in the meantime stored in next row. 
When boundary is detected, both data items from non- 
boundary and boundary sections are pumped into PEA. 
In this way hardware efficiency remains very high. If an- 
other memory bank is added to store search area needed 
for next motion vector, we can save the initial load- 
ing time so that hardware efficiency up to 100% can be 
achieved. It takes (2P+1j2 cycles to find the integer mo- 
tion vector. 
for half-pixel operation: da ta  from candidate with min- 
imum distortion is first stored in another bank. Then 
data is read out to get average value for PEA and be- 
ing stored for next candidate. Note that data is reatd out 
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Fig.5. Block diagram of the motion estimation processor with 
N=P=16. 

and written back to  the same row because data items €or 
these 8 candidates can be selected by the post-processing 
unit. In general, it takes at  least 5N+3 cycles to get the 
half-pixel motion vector. 

Note that for half pixel operations, interpolation among 
integer pixels has to  be done. Therefore the required stor- 
age space has to  be expanded one pixel more to  allow in- 
terpolation. The required storage space is thus becoming 
(N+2)X(2P+N+2). 

3. A DEMONSTRATOR CHIP D E S I G N  

In this section, we discuss a real-time motion estimation pro- 
cessor design based on the proposed memory architecture 
mentioned earlier, where N=P=16 are selected. The design 
can be directly used in MPEG2 Main profile a t  Main level 
where BMA motion estimation can be handled by one single 
chip. The ME processor is partitioned into 5 units as shown 
in Figure 5, where only the stream memory bank (SMB) and 
processor element array (PEA) are discussed here. 

3.1. Stream M e m o r y  Banks 
This unit is designed to  provide the scheduled data  flow which 
is needed by the PEA. The overall structure is given in Fig- 
ure 6 ,  where two stream memory banks are in the center and 
2 read/write pointers are located a t  the top and bottom posi- 
tions. The read and write pointers are working simultaneously 
except that  these two pointers have different phases. Note that 
the first 2P+1 memory elements use one read/write port and 
the rest N-1 elements use another read/write port. There- 
fore we Rave to  provide special read/write pointers which are 
discussed below. 

Since only one of the two read ports is accessed at  a cer- 
tain time, we can merger these two pointers into one single 
pointer. For example, when the boundary is detected, the 
read pointer provides two read signals used to  simultaneously 
access two search data  items which are also loaded into next 
stream memory. In this way, the basic cell can be reduced to 
two-port memory cell. The operations of read/write pointers 
are summarized as follows: the read pointer is first activated 
to read search data  out from the stream memory. The search 
data  i then connected to PEA, and in the meantime, they 
are also stored in next stream memory. In addition, this read 
pointer is also connected to a cs pointer used in PEA for 
stream data  selection. 

3.2. Architecture for PE array 
The P E A  is organized as shown in Figure 7(a),  where 3 global 
data  bnses are over PES on the same row. Basically, the re- 
quired operations within each PE are: subtract, absolute, and 
add. These operations are pipelined into two stages- the first 
stage is for subtract and absolute. The search data  are first 
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Fig.6. Architecture for the stream memory banks. It consists 
of 2X(N-l)X(2P+N) 2-port memory in the center and 2 sets of 
read/write pointers on the top and bottom. 

I cs pointer fcr selectice of search dat.] (a) 

Fig.7. (a )  Structure within the PE array and (b) the detailed 
design of each PE which contains two pipeline stages. 

latched and then its absolute value is latched a t  the second 
pipe. The second stage is for add operation together with an 
overflow detector to  limit the distortion value as shown in Fig- 
ure 7(b). The three global da t a  buses are connected to  INP, 
IN2, and IN3. 

In the initial phase, reference data  are loaded into the ref 
register which is done simultaneously with the search data. 
After the first N cycles, these reference data  are stored in the 
PE array. Then these reference data  can be used for the rest 
candidate blocks. The loading process of these reference data  
are controlled by the load pointer which is above the PEA. 
For the c3 pointer, which is used to select the data  stream 
of search area, is controlled by the read pointer for stream 
memory banks discussed above. 

4. E V A L U A T I O N  AND D I S C U S S I O N S  
Based on the proposed architecture, the area for a motion 
estimation processor with N=P=16 is about 9.5X7.2 mm2 for 
a 0.8 pm CMOS double metal technology [lo]. The critical 
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Fig.8. Chip plot of the motion estimation processor design for 
N=P=16. 

, L A ,  L ,  

cycle-count 1 432 480 
memory size 1 576 576 

EL I 59.30% 53.30% 

Table 1, Performance comparison of different VLSl architectures 
for motion estimation processor design. 

_ -  L A  I 

576 1 256 
105 [ 464 

44.40% I 100% 

i I I l l 1  I I 121 I f8l I 0UTaDDroa’;Ehl 

path has been limited to  lOns to meet the requirements of 
MPEG2 Main profile at main level. Figure 8 shows the final 
layout of the ME processor. 

Table 1 shows the performance comparison with other avid- 
able architectures. The reference size of 8x8  is selected as a 
platform for comparison, where search area is 23x23 and FE 
count is 8x8. I t  can be found that our proposed architecture 
can produce a motion vector every 256 cycles, which is the 
minimum among the four architectures. Although, the mem- 
ory size used in our proposal is about 4 times of [8], it is still 
less than the other two [11,12]. Besides, we have found that 
the PE array occupies more than 70% area in physical design. 
This implies that the memory size is not a key issue in VISI  
implementation of our proposed architecture. 

5.  CONCLUSION 

In this paper, we have presented a novel memory architecture 
for optimally implementing full-search motion estimation .A- 
gorithm. The proposed architecture mainly consists of strea.m 
memory banks with parallel reading/writing capability to  of- 
fer a scheduled data flow so that 100% hardware efficiency 
within PE-array can be achieved. In addition, this proposed 
architecture also minimizes 1/0 bandwidth and provides the 
capability for half-pixel operations. The architecture has been 
demonstrated by a full-search motion estimation processor 
with N=P=16 for integer motion vector. We are currently 
designing a processor for both integer and recursive half-pixel 
motion vector based on the architecture mentioned in this pa- 
per. 
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