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New Motion Estimation Algorithm Using Adaptively
Quantized Low Bit-Resolution Image and Its
VLSI Architecture for MPEG2 Video Encoding

Seongsoo Lee, Jeong-Min Kim, and Soo-lk Chilember, IEEE

Abstract—This paper describes a new motion estimation algo- range is large [7]. Therefore, many fast algorithms have been
rithm that is suitable for hardware implementation and substan-  proposed [8]-[15] to reduce this hardware cost. Among them,
tially reduces the hardware cost by using a low bit-resolution g5 me gigorithms [13]-[15] reduce the bit resolution of the
image in the block matching. In the low bit-resolution image . I val by t ting the least sianificant bits (LSB) of
generation, adaptive quantization is employed to reduce the pixe ,Va ues Dy fruncating the leas _S'gn' 'Can_ its ( ) 9
bit resolution of the pixel values, which is better than simple the pixel values because the matching operation for low bit-
truncation of the least significant bits in preserving the dynamic resolution images requires less hardware than that for full
range of the pixel values. The proposed algorithm consists of pjt-resolution images.
two search steps: in the low-resolution search, a set of candidate Although the bit resolution can be easily reduced with

motion vectors is determined, and in the full-resolution search, . le LSB t fi thi h suff f f
the motion vector is found from these candidate motion vectors. S/MP'€ runcation, this approach sutiers from performance

The hardware cost of the proposed algorithm is 1/17 times of the degradation because the dynamic range of the pixel values
full search algorithm, while its peak signal-to-noise ratio is better decreases. Therefore, we proposed the low-resolution quan-

than that of the 4:1 alternate subsampling for the search range tization motion estimation (LRQME) algorithm [16] that is
of £32x £32 A VLSI architecture of the proposed algorithm is g jitaple for VLSI implementation. In the proposed algorithm,

also described, which can concurrently perform two prediction . o
modes of the MPEG2 video standard with the search range of we employed adaptive quantization to reduce performance

(—32.0~32.0)4+31.5+31.5). We fabricated a MPEG2 motion degradation and a novel block-matching criterion to reduce
estimator with a 0.5u:m triple-metal CMOS technology. The the hardware cost.

\S/IIiSAIN(l:hip iféCJUd_es 1%015596“95 o{;agdom I'?r?icfalrll? 90t_K bitIStOf In this paper, we propose a hardware architecture for
In a die size O O mMmx o mm. e Tull tTunctuonall H H
of the fabricated chip was confirmed with an MPEG2 encod)ér the proposed aIg_onthm. I empl_oys a novel processing el-
chip. ement (PE) archltect.ure that efficiently reducgs thg amount
of hardware. In Section I, the proposed algorithm is briefly
described, and is compared with the conventional block-
matching algorithms. In Section Ill, the hardware architecture
for the proposed algorithm is presented in detail. The VLSI
I. INTRODUCTION design of the proposed architecture is also described. Finally,
Section IV concludes this paper.

Index Terms—Adaptive quantization block matching, low-
resolution search, motion estimation, VLSI.

OTION estimation, which eliminates the temporal re
dundancy of the image sequences, is widely used in the
video coding algorithm [1], [2]. In general, there are two major Il. LOW-RESOLUTION QUANTIZATION
types of motion estimation algorithms: the block-matching MOTION ESTIMATION (LRQME)
algorithm [3] and the pel-recursive algorithm [4]. The former
seems to be better in both performance and hardware CR.StAdaptive Quantization
[5]. For each reference block in the current frame, the block- ) ] ) )
matching algorithm searches for a best matched block in thdn the block-matching algorithms using LSB truncation
previous frame. The motion vector is defined as a displacemé&h#l-[15], severe performance degradation is observed,
between the reference block and the best matched block. athough they do not require additional hardware for
The full search algorithm [3] exhaustively matches afpit-resolution re_ductlon. _To_ overcome this dr_awback, we
possible candidate blocks to find a motion vector. Regarded®{BPloyed adaptive quantization in the bit-resolution reduction.
the optimum solution for obtaining a high compression ratig®" €ach pixel in both the reference block and the search
[6], this method suffers from a tremendous hardware cost. Wfndow, the reference block mean is subtracted from its value,

becomes impractical for hardware implementation if the seargRd the result is quantized into a 2-bit code. In preserving the
dynamic range of the pixel value, this approach is better than

Manuscript received May 16, 1997; revised April 20, 1998. This paper W%@e LSB trunca_t'on_methOds' _The. scheme of the low resolution
recommended by Associate Editor K. N. Ngan. image generation is shown in Fig. 1.
The authors are with the School of Electrical Engineering and Inter- We selected 2-bit resolution based on the tradeoff between

University Semiconductor Research Center, Seoul National Universitt)h f d the hard h . lati
Kwanak-ku, 151-742. Seoul, Korea. e performance and the 1ardware cost, whose simulation
Publisher Item Identifier S 1051-8215(98)07877-X. results are described in Section 1I-D. For each reference block,
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Fig. 1. Generation of low-resolution images.

TABLE |
AVERAGE CORRELATION COEFFICIENTS BETWEEN THE ORIGINAL AND THE REDUCED-BIT IMAGES
CIF CCIRG01
Sequences Car s . Miss Flower Table
Phone Claire | Foreman America | 8Y622¢ | ardon Football | Popple Tennis | average
o druneation 0.56 | 030 | 067 | 027 | 045 | 0069 | 0060 | 065 | 068 | 006
adaptive quantization 08 | 072 | 08 | 077 | 080 | 087 | 089 | 083 | 088 | 087
TABLE I
NUMBER OF SEARCH POSITIONS THAT HAS THE MINIMUM VALUE OF THE BLOCK-MATCHING CRITERION
CIF CCIRG601
number of search positions - r[{cs;:ion uaadnalri);;\t/ie) number of scarch positions ¢ LS? adag_)}l\{_c
that has the minimum valuc of ;l) Jobit q 0 2—‘bit( n that has the minimum value of’ rfon;dbli(zn qu’;u: ?izgéon

the block-matching criterion i . § . the block-matching criterion e § 0 £-D1
resolution resolution resolution resolution
1 47.78 % 91.96 % 1 75.52 % 92.91 %

2~32 10.81 % 7.97 % 2~512 17.48 % 7.09 %

33~04 0.83 % 0.06 % 513~1024 1.23% 0%

05~96 0.90 % 0% 1025~1536 1.36% 0%

97~128 1.65 % 0% 1537~2048 1.47 % 0%

129~160 217 % 0% 2049~2560 0.99 % 0%

161~192 2.27 % 0% 2561~3072 0.78 % 0%

193~224 2.28 % 0% 3073~3584 0.51 % 0%

225~255 3.28 % 0% 3585~4095 0.47 % 0%

block—ma(t;l:]lgr)t%nctrllcrmn is 2803 % 0.01 % block—ma(t:%}ll:snt%nctntcnon is 0.19 % 0%

the quantization thresholds, ¢2, and¢s are determined adap- original and the reduced-bit pixel values, shown in Table I,
tively with (1) to minimize the average quantization error: we concluded that the adaptive quantization method is more
efficient than the LSB truncation method.

N—-1N-1
ta=—t, = g Z Z |p(i,5) — P, t,=0 (1) If the minimum value of thg_block-matching criterion ocgqrs
i=0 =0 on two or more search positions, only one of these positions

should be determined as the motion vector, which often results
reference block mean, and the reference block sizé isN. M2 suboptimal solution. If all pixels in the search window are

The thresholds in (1) are determined based on performarigduced into the same value in the bit-resolution reduction,
and hardware cost through experimental search. the block-matching criterion is constant over the whole search

In this paper, 40 frames of four CIF (352 pets288 pels, 'ange. In this extreme case, the correct motion vector cannot
30 frames/s, 8 bits/pixel) sequences and 40 frames of fdig found properly. Hereafter, we will refer to it as a tie-score
CCIR601 (720 pelsx 480 pels, 30 frames/s, 8 bits/pixel)Problem.
sequences are used in all simulations. The size of the referenc&able Il shows the number of search positions that have
block is 16 x 16. The search ranges a#e82 x £32 in the the minimum value of the block-matching criterion for each
case of CCIR601 sequences a#@h x +8 in the case of reference block. To make a fair comparison, the full search
CIF sequences. From the correlation coefficients between tidgorithm and 2-bit sum of absolute difference (SAD) are used

wherep(4, j) is the pixel value of the reference blogkijs the
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TABLE Il
PrROBABILITY TO FIND THE CORRECT MOTION VECTOR
40 frames of CIF (352x288, 30Hz) 40 frames of CCIRG601 (720x480, 30H)
. Search Range = +8x +8 Search Range = +32x32
Sequences Car Miss Flower Table
Phone Claire Foreman America Garden Football Popple Tennis
o tuncation 346% | 200% | 482% | 202% | 601% | 215% | 23.0% 70.2%
adaptive quantization 83.1% 92.9% 91.7% 64.6% 86.4% 53.7% 40.3% 88 6%
in two methods of reducing bit resolution. The LSB truncation LOW-RESOLUTION SEARCH (LRS)
method suffers more than the adaptive quantization from theiresolution low-resolution different pixe! count
tie-score problem. Note that in the LSB truncation method™% | iow-resoluton |9 Jowresolution —JOPC) candidate
. K ) X image generation ock-matching én?hon_vegtor =
the block-matching criterion is constant over the whole search criterion calculation etermination
range for 28% of the reference block in the CIF sequences. set of candidate motion vector (CMV set)
This is because the CIF sequences have large background L
regions without edges and complex patterns where, with high > 4.1 altemate motion vector motion
possibility, all pixels in the search window are reduced into subsampling determination vector

the same value in the bit-resolution reduction.

Table Ill shows the probability of finding the correct motion ) ]
vector in two methods of reducing bit resolution so that tHdd 2 Block diagram of the LRQME algorithm.
motion vector obtained with each method is equal to that of
8-bit SAD. As in Table I, the full search algorithm and thesignificant bits of a pixel value in thith frame, XOR(z. ) is
2-bit SAD are used for both the LSB truncation method arifie bitwise exclusive-OR af andy, and the reference block
the adaptive quantization method. From Table IIl, the adapti®&e isN x N.
quantization method has lower probability to be trapped in theln this paper, the different pixel count (DPC) defined in (2)
local minima than the LSB truncation method because the cé#roposed as a block-matching criterion for low bit-resolution
rect motion vector is the global minimum of the error surfacénages. It is equal to the number of pixels whose quantized

codes are unmatched in a block. It is a special case of the

B. Block-Matching Criterion PDC because the PDC with zero threshold is the number of

The performance and required hardware amount of a motion: tched pixels

FULL-RESOLUTION SEARCH (FRS)

estimation algorithm largely depend on its block-matching g ‘
criterion. The SAD [3] is widely used in most of the conven- DPC(w,v) = > > 8[pe(i, 1), e 1 (i +u,j +0)]  (2)
tional motion estimation algorithms because of its efficiency =0 j=0

and simplicity, but its hardware cost is rather high for VLSWherep,,(z, ) is the 2-bit quantized code of a pixel value in
implementation if the search range is large [7]. Thereforghe kth frame,5(z,y) = 1 whenz # y and 0 otherwise, and
several block-matching criteria have been proposed to redyge reference block size & x N.

this hardware cost, which are defined as follows. The DPC can be implemented by fewer logic gates than
1) Pel Difference Classification (PDC) [11]: the BT and the PDC by employing a novel processing ele-
N1 N—1 ment (PE). In Section 1lI-B, the processing element and the
PDC(u,v) = Z Z Tou(6,5) hardware reduction of the DPC are described in detail.
1=0 5=0
Toulin) =1, if pr(i, ) — pri(i +u,j +v)| C. LRQME Algorithm
< Threshold0 otherwise We proposed the low-resolution quantization motion esti-

mation (LRQME) algorithm [16] which employs two search

2) Bit Truncation (BT) [13], [14]: steps, namely, low-resolution search (LRS), and full-resolution

N-1N-1 search (FRS). The block diagram of the LRQME algorithm is
BTT"(U’? U) = Z Z |pk(i7j)7:rn_pk—l(i+u7j+v)7:rn|- illustrated in Flg 2.
i=0 j=0 In a low-resolution search, a candidate motion vector set
3) Bit Exclusive-OR (BXOR) [15]: (CMV set) is determined by calculating the different pixel
Ne1lN_1 count. In a full-resolution search, the motion vector is found
BXOR,, (1, v) = Z Z XOR by calculating the sum of absolute difference on the positions

pyar G of the CMV set.
. . . In the hardware realization, the LRS and the FRS are
1P )7y pr-1 (24 w5 4 0) 7] pipelined by every two rows of search positions, which is
where pi.(x,y) is a pixel value in thekth frame, m is the described in Section IlI-A. For this reason, four CMV’s are
number of truncated LSB bitgy, (z,¥)7.m is the (8m) most found in every two rows of search positions, and 128 CMV'’s
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are found for each reference block when the search range is 275 Se+7
+32 x +32. Simulation results for the number of the CMV’s B
are shown in Section II-D. To reduce the hardware cost further, 274+ J4e+7 S
a 4:1 alternate subsampling algorithm [8] is used in the Q
FRS. Low-pass filtering is not used in any algorithms whose ©27.3 b A 3047 ;
simulation results are presented in this paper. g 3
The outline of the LRQME algorithm is as follows. 507 24 647 8
Low-Resolution Search: - o
1) For each reference block, the block mean and the 271 k A PSNR 1 1e+7 g
quantization thresholds are calculated. —8— hardware cost K
2) The block mean is subtracted from each pixel in both the 27‘0‘ . . 0640
reference block and the search window, and the result 1bit 2bit 3bit 4bit
is quantized into 2-bit resolution. bit resolution

3) For every search position, its DPC is calculated fdtig. 3. Hardware cost and PSNR versus bit resolution.
low-resolution images.

4) Four search positions with smaller DPC are selected as 27.4 | 3.0e+7
the CMV’s for every two rows of search positions.

Full-Resolution Search:

1) For each CMV, a 4:1 alternate subsampling search p
is performed, and the SAD is calculated using full-
resolution images.

2) The search position with minimum SAD is determined
as the motion vector.

gate*cycle/block)

2713 q125e+7 2

PSNR (dB)

< —A— PSNR
—4— hardware cost

hardware cost

D. Simulation Results

. . 27.2 . 2.0e+7
The amount of hardware required for the DPC calculation 64 128 256 ¢

is substantially smaller than that for the SAD calculation. #0of CMV's
Therefore, the number of operations or the number of seafg§ 4. Hardware cost and PSNR versus number of CMV's.
positions is not a good measure of the hardware cost. In fact,
the total gqte count of the motion e:st!mat_or with the sa ote that the proposed algorithm is superior to four other
throughput is a better measure, but it is difficult to estimate . .
. . . _tast algorithms in both the hardware costs and the PSNR

the total gate count unless the design of the motion estimator . :
is completed performances. Compared with the _fuII s_earch algonthm,_the

However tlhe total qate count of all processin elemenrtlardware cost of the proposed algorithm is 1/17 and 1/10 times
is eas to,calculate gand is a good rr?easure ng the al Wshile its PSNR degradation is less than 0.37 and 0.12 dB in
. y . ' ag : : qge case of CCIR601 and CIF sequences, respectively.
rithm complexity for hardware implementation. We define the

: Figs. 6 and 7 show the PSNR performances in the case
hardware cost as (total NAND-equivalent gate count of a(l)lf the MPEG2 [2] P-prediction and H.261 [1] encoding,

processing elements) (required cycle time per reference . :
block). The second term is used to equalize the throughputrerefcnve.ly' Note that the PSNR degradation of the pro_posed
agorlthm is smaller than those of four other fast algorithms

the algorithm. The peak signal-to-noise ratio (PSNR) is used aS Il bit rates
the performance of the algorithm. In the hardware cost of the '
proposed algorithm, the cost of all preprocessing steps such as
guantization threshold determination, mean subtraction, and
quantization is included. ]
The simulation results used to determine the bit resolutiéh Overall Architecture
of the quantization and the number of CMV’s are shown in Fig. 8 shows the block diagram of the proposed architecture.
Figs. 3 and 4. 2-bit resolution and 128 CMV’s were selectdticonsists of four main blocks with five internal buffers: the
based on the simulation results. preprocessing unit (PPU), the low-resolution search (LRS)
Six motion estimation algorithms, such as the full searamit, the full-resolution search (FRS) unit, and the half-pel
(FS) algorithm [3], the 4:1 alternate subsampling (4:1Aearch (HPS) unit.
algorithm [8], the one-dimensional full search (1DFS) algo- The PPU calculates the reference block mean and de-
rithm [10], the bit truncation (BT) algorithm [13], [14], thetermines quantization thresholds. The LRS unit generates a
bit exclusive-OR (BXOR) algorithm [15], and the proposetbw-resolution image by quantization, calculates the DPC in
algorithm (LRQME) are compared in Table 1V and Figs. 5—the whole search range (4096 search positions), and determines
Table IV shows their PSNR performances, which are basttte CMV set (128 search positions). The FRS unit determines
on the block difference. A comparison of their hardwarBour search positions using the 4:1 alternate subsampling
costs and the average PSNR performances is shown in Figalgoorithm on the position in the CMV set. It performs the two

I1l. THE PROPOSEDARCHITECTURE
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TABLE IV
PSNR FRFORMANCES
CIF CCIR0601
Sequences or o ] Miss F - Tabl

H(]gllw Claire Foreman A:11e]i;ca average Gz;)r\g(?l Football | Popple Tcarm(i:s average

IS 33.08 dB | 42.67 dB | 32.52dB | 39.18 dB | 37.01 dB | 27.03dB | 25.11 dB | 30.01 dB | 28.26 dB | 27.60 dB

4:1AS 33.61 dB | 42.60 dB | 3246 dB | 39.06 dB | 36.93dB | 26.96 dB | 24.65dB [ 29.77 dB | 28.04dB | 27.35dB
1DFS 32.93dB [ 4248 dB | 31.87dB | 38.98 dB | 36.57 dB | 26.66 dB | 23.67 dB | 29.76 dB | 27.29°dB | 26.84 dB

BT 31.45dB [ 3520dB | 30.85dB | 36.74dB | 33.56 dB | 26.66 dB | 23.82 dB | 28.40dB | 27.54 dB | 26.47 dB
BXOR 31.20dB [ 35.17 dB | 30.66 dB | 306.69dB | 33.43dB | 25.93dB | 23.37dB | 28.38 dB [ 27.32 dB | 26.25 dB
LLRQMI: 33.56dB [ 42.04 dB | 3246 dB | 39.09dB | 36.94 dB | 26.93 dB | 24.74 dB | 29.78 dB | 28.07 dB3 | 27.38 dBB

38 ax107 search window (CSW) buffer, a current reference block (CRB)

- buffer, and a next reference block (NRB) buffer.

36.94

The search windows of the adjacent reference blocks over-
lap by 6144 (64 pels< 48 pelsx 2 fields) pels. As a result,
7680 (80 pelsx 48 pelsx 2 fields) pels in the search window
of the current reference block, and 1536 (16 peld8 pelsx
2 fields) nonoverlapped pels in the search window of the next
reference block, are stored in the CSW buffer. The widths and
depths of the internal SRAM buffers are optimized for data
transfer between the buffers and the processing units.

The CSW and CRB buffers are split into four banks because

Fs 4AS 1DFS 8T BXOR  LRQME the 4:1 alternate subsampling algorithm is used in the FRS
algorithm unit. Assuming that the cycle time of the frame memory is
() slower than that of the proposed architecture, the pixel data
in the frame memory are accessed every two clock cycles and
B S 45x10° stored in the internal buffers.

The pipelining stage of the proposed architecture is illus-
trated in Fig. 9. The PPU, the LRS/FRS unit, and the HPS unit
are pipelined for each reference block. In the second stage, the
LRS unit and the FRS unit are pipelined for every two rows of
search positions because the LRS unit determines four CMV’s
for every two row of search positions. When the LRS unit
and the FRS unit are processing thgh reference block, the

26,25 6.03x107 (K + Dth reference block data are transferred into the NRB
240x107 236x107 buffer and the nonoverlappdd( + 1)th search window data

26 0 are transferred into the CSW buffer.
FS 4AS 1DFS BT BXOR LRQME

algorithm

H2x107

average PSNR (dB)

H1x107
7.14x10°

hardware cost (gate*cycle/block)

3.77x108 s
3343 2.56x10

2760

2735 27.38

13.0x10%

27
26.84

average PSNR (dB)

o H1.5x108
1_03)(108 26.47 1.14x10

hardware cost (gate*cycle/block)

(b) B. Low-Resolution Search Unit

Fig. 5. Average PSNR and the hardware cost. (a) CIF and (b) CCIR 601. Fig. 10 shows the block diagram of the LRS unit. This
consists of four main blocks: quantizers to generate the low-
prediction modes concurrently on these four search positionssolution images, low-resolution image (LRI) registers to
and determines the integer-pel precision motion vector (IMV3tore the low-resolution images, PE array to calculate the DPC,
The HPS unit determines the half-pel precision motion vectand comparators to determine the CMV set.
(HMV). The quantizers (Fig. 11) subtract the reference block mean
In general, memory access bottlenecks in motion estimatifilom the pixel values, and quantize the results to generate the
are a serious problem for real-time MPEG2 video encodinpw-resolution images. Twenty quantizers are required for 16
To reduce this memory bandwidth, both the search windquixels in the search window and four pixels in the reference
data and the reference block data are stored in the interblick.
SRAM buffer for data reuse. There are five internal buffers in The LRI registers are 2-bit word-width shift registers which
the proposed architecture: a previous search window (PSWpvide low-resolution images to the PE array. Three LRI
buffer, a previous reference block (PRB) buffer, a curremégisters are employed in the LRS unit. Since two rows
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Fig. 6. PSNR versus bit rate in MPE@2-prediction encoding for CCIR 601 sequences: (a) PSNR and (b) PSNR degradation.
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Fig. 7. PSNR versus bit rate in H.261 encoding for CIF sequences: (a) PSNR and (b) PSNR degradation.

of search positions are processed simultaneouslyx797 (K + 3)th rows of search positions, LRI register 2 stores
guantized codes of the search window data are stored in LF8 x 2 quantized codes of search window data.

register 1. 16x 16 quantized codes of the reference block data Fig. 12 shows the block diagram of the LRS PE. It pro-
are stored in LRI register 3. After finishing the computationesses one column of the reference block at a time, i.e., 16
for the Kth, (K + 1)th rows of search positions, the LRS unipixels, whereas conventional full search architecture processes
begins processing theK + 2)th, (K + 3)th rows of search only one pixel. It has four advantages in hardware reduction
positions. The search window data for ¥ +-2)th (K +-3)th described below.

rows of search positions are retrieved from the CSW buffer,1) Use of Simple Logic Gates Instead of Full Addeiishe

and are stored in LRI register 2 while the LRS unit process€& of a conventional full search architecture [18] requires
the K'th and (X + 1)th rows of search positions. Since the 7&n 8-bit full adder and a 16-bit accumulator fone pixel

x 15 quantized codes of search window data overlap betwemmparison(24 bits of full adders in total), while the PE of
the Kth, (K + 1)th rows of search positions and th& +2), the proposed architecture requires 19 bits of full adders and
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t+1] th MB Processing

[t-1] th MB Processing
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[32b] 7128 [576w x 32b]
RB.Data »
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(80] [180w x 16b]
v 128
=PG5 SW_bus#1[128b] Y 1
416
® \
32 +128
1-128 SW_bus#2 [16b] 116
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A
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+32 1 [32b - £16
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Fig. 8. Block diagram of the proposed architecture.
reference reference re{erincfe P 1024 N
block of block of block o
MB#0 MB#1 MB#2 32y 32 y 32 4 32 ., 32,
@ @ Q row #0 row #2 TOW #62
LRS /row#1 | /row#3 | 7 / row #63
MB row #0 row #2 row #62
#0 PPU LRS/FRS HPS FRS /row#1 | /row#3 | - / row #63
MB PPU LRS/FRS HPS /
#1
—ak
MB PPU LRS / FRS HPS
#2
search search search
window of window of  window of
MB#0 MB#1 MB#2
Fig. 9. Pipelining diagram of the proposed architecture.
search window data (128b) reference block data (32b)
l ¢ pixel value ) 1(+/7 select)
(8bit) ) MSB (sign bit)] (+/— MSB (sign bit):
| quantizers (16 ea.) ] r quantizers (4 ea.) ] sbit 8bit LSB ofthe
reference block biract LSB (8bit) adder/ > | quantized code
l _______(___)_}mean Sb't( ) subtractor i subtractor
— +
‘ LRI register #2 (79x2) J
i quantization threshold (8bit) LStB (8bdit):
not use
‘ LRI register #1 (79x17) J l LRI register #3 (16x16) ’ Fig. 11. Adaptive quantizer.

PE array (64 PE)

‘ DPC

Comparators (2 ea.)

‘ CMV

10. Block diagram of the low-resolution search unit.

Fig.

additional simple logic gates fat6 pixel comparisonThus,
1/4 reduction in bit resolution produces a reduction in gate
count of greater than 1/16.

2) Use of Ripple Carry Adders Instead of Fast,
Area-Consuming AaddersThe maximum bits of the full
adder in the LRS PE do not exceed 8 bits, allowing the use of
ripple carry adders to reduce the amount of hardware, while
the PE of a conventional full search architecture requires a fast
16-bit adder such as a carry select adder in the accumulator.
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Fig. 12. Block diagram of the LRS PE.
012 1415
012 778 LRI register #3
(reference block data)
17 pixels 16 pixels|

search window reference block

PE array

LRI register #1
(search window data)

LRI register #2
(search window data)

Fig. 13. Block diagram of the LRS PE array and the LRI registers.

3) Reduction in Number of Accumulator$he PE of a adder tree, as shown in Fig. 12. Therefore, using the LRS PE
conventional full search architecture requires an accumulagaves 15 accumulators.
for one pixel comparison, while the LRS PE requires the same4) Full Utilization of the Adder Tree:The DPC is the sum
number of accumulators fdr6 pixel comparisorby using an of 1-bit value, so we can fully utilize the adder tree as shown
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SW bus #1
132 T 32 1 32 1 32
RB bus #2

. ’i’s f3 i’e ‘i::iz
pixel data |

SAD#0 1#1 1#2 SAD#O | #1 I#Z 1 SAD#0O 1#1 1#21 SAD#0 1#1 #2 l""

comparators (3 ea.)

Y

integer-pel
motion vector

Fig. 14. Block diagram of the full-resolution search unit.

in Fig. 12, which results in a smaller adder tree. Note that the sw RB sw

adder tree in the LRS PE utilizes carry-in inputs of the adders, pucet puxel 3 ol
while conventional adder trees do not. subtractor

LRI registers 1 and 2 are split into 79 columns, and LRI

register 3 is split into 16 columns. Both are connected to apsoluie value

PE array, as shown in Fig. 13. The reference block data in v

LRI register 3 are circulated and broadcast over all PE’s, oo epsior

column by column. To avoid shifting the search window data 1 7

stored in LRI register 1, the partial DPC’s in each PE are

shifted toward the next PE and accumulated. This reduces the

interconnections of LRI register 1. Note that in the first 15

PE’'s (PEO-PE14), two columns of the search window data oad load

are multiplexed into one PE. conirel 72 ml_b( tor 16‘_“ control #1
e O A R T | R T e

C. Full-Resolution Search Unit SAD #0 lSAD’” SAD #1

The FRS unit determines the integer-pel precision motidrg- 15. Block diagram of the FRS PE.
vector (IMV) by performing a 4:1 alternate subsampling

algorithm on_the positions in the CMV_set. The fuII-resqu_tiorMC prediction in field picture) are concurrently searched in
search consists of two steps. In the first step, four candidajfs 16 x 16 pixel comparison. Thus, the FRS PE has two
are selected in the CMV set with 8 8 SAD comparison. accymulators and one adder to calculate the three SAD’s of
In the second step, the IMV is determined among the foye o prediction modes.
candidates with 16< 16 SAD comparison. _ ~ Fig. 16 illustrates the operations of the FRS PE. Ix 8

Fig. 14 shows the block diagram of the FRS unit. It consisfgye| comparison, an accumulator is activated because only
of three main blocks: pixel data provider, PE array, anghe 8x 8 SAD is needed. In 16 16 pixel comparison, two

comparators. The FRS unit has a complicated pixel dafg . g SAD’s are needed for top and bottom field prediction
provider because the CSW and CRB buffers are split into fog, frame prediction) or upper and lower 18 8 block

banks, and the grouping of the required reference block pixel$egiction (in field prediction). The 16 16 SAD is the sum

in 8 x 8 and 16x 16 pixel comparisons, is different. Thegs vvo 16 x 8 SAD's.

PISO (parallel-in serial-out converter) and the SIPO (serial-

in parallel-out converter) are required in pixel data provider )

because the widths of the data from the CSW and CRg VLS! Implementation

buffers are different from the width of the input data into The proposed motion estimator was implemented in a

the PE array. Fig. 15 illustrates the block diagram of th€éLSlI circuit with a 0.5m triple-metal CMOS standard-cell

FRS PE. It is similar to the PE of conventional full searctechnology. It contains 110 K gates of random logic and 90 K

architecture except that the FRS PE processes two pixels evieitg of SRAM in a die size of 11.5 mnmx 125 mm. A

cycle. microphotograph of the proposed motion estimator is shown
In the proposed architecture, the two prediction modés Fig. 17. The full functionality of the fabricated chip was

(frame and field prediction in frame picture, field and 28 confirmed with an MPEG2 encoder chip.
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ACC ACC | !
load skip ! ski
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skip Ioa% ' P
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upper16x8 of field lower16x8 @ 8x8 block

(16x16 pixel comparison

8x8 pixel comparison
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TABLE V

SUMMARY OF THE MOTION ESTIMATOR

Picture format

CCIRG601 (720 pels X 480 pels, 30Hz)

Search range

vertical:

horizontal: -32.0 ~ +31.5

-32.0 ~ +31.5 (frame picture)
-16.0 ~ +15.5 (field picture)

Opcrating frequency

54Mlz

Prediction mode

frame / tield prediction (frame picturc)
field / 16x8MC prediction (ficld picturce)

Estimated gate count

110 K gates (random logic)
90 K bits (SRAM)

Dic size

11.5 mm X 12.5 mm

Pin counts

106 pins (signal pins)
74 pins (power pins)

Technology

0.5-/an triple-metal CMOS standard-cell technology

Fig. 17. Microphotograph of the proposed motion estimator.

an 8-bit host bus for an external microcontroller. It also has a

motion compensation module that performs interpolation for

motion-compensated luminance and chrominance signals. A
summary of the motion estimator is shown in Table V.

IV. CONCLUSIONS

In this paper, we propose a new motion estimation algorithm
that uses adaptively quantized low bit-resolution image. Sim-
ulation results show that the proposed adaptive quantization
method is more efficient than the LSB truncation method for
bit-resolution reduction. Low- and full-resolution search steps
are employed to reduce performance degradation. Simulation
results show the PSNR performance as superior to 4:1 alter-
nate subsampling, while the hardware cost is 1/10 and 1/17 of
the full search algorithm when the search rangec&x +8
and +32 x £32, respectively.

The hardware architecture of the proposed algorithm for

The motion estimator concurrently performs two predictioreal-time MPEG2 video encoding with a search range of
modes for real-time MPEG2 motion estimation at 54 MHZ.—32.0, —32.0) ~ (+31.5,431.5) is explained. The amount
Dual-prime prediction mode is not supported. It includes af hardware is reduced because the block matching is im-
built-in RISC (reduced instruction set computer) controller armlemented by simple logic gates instead of full adders and
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the PE processes 16 pixels concurrently in the low-resolutigr?] N. Jayantand P. NolDigital Coding of Waveforms Englewood Cliffs,

search unit. The two prediction modes of MPEG2 can
performed concurrently. We have tested the functionality ofa
VLSI implementation of the proposed architecture, which was
fabricated with a 0.5:m triple-metal CMOS technology. Its
gate count is about 110 K gates of random logic and 90 K bits
of SRAM. We are trying to modify the proposed algorithm
for motion estimation for a larger search window such
+128 x +128.
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