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Abstract
0RWLRQHVWLPDWLRQLVWKHWHFKQLTXHRI¿QGLQJDVXLWDEOH0RWLRQ9HFWRU 09 WKDWEHVWGHVFULEHVWKHPRYHPHQWRIDVHWRISL[HOVIURP
LWVRULJLQDOSRVLWLRQZLWKLQRQHIUDPHWRLWVQHZSRVLWLRQVLQWKHVXEVHTXHQWIUDPH7KLVSDSHUSUHVHQWVDÀH[LEOHDQGVFDODEOHPRWLRQ
HVWLPDWLRQSURFHVVRUFDSDEOHRIVXSSRUWLQJWKHSURFHVVLQJUHTXLUHPHQWVZKLFKLVVXLWHGIRU)3*$LPSOHPHQWDWLRQ7KLVSURMHFW
SUHGLFWVDQGDOORFDWHVWKHDSSURSULDWHGDWDEDQGZLGWKIRUPRWLRQHVWLPDWLRQXQGHUDOLPLWHGEDQGZLGWKVXSSO\VXLWDEOHIRUG\QDPLFDOO\
FKDQJLQJEDQGZLGWKVXSSO\5HOLDELOLW\DQGWKURXJKSXWRIPRWLRQHVWLPDWLRQZLOOEHLPSURYHGE\XVLQJEDQGZLGWKVFDODEOHPRWLRQ
HVWLPDWLRQDUFKLWHFWXUH7KLVSURMHFWUHOLDEO\HQKDQFHVWKHIDXOWFRYHUDJHZLWKRXWSHUIRUPDQFHGHJUDGDWLRQDQGUHGXFHVWKHSRZHU
FRQVXPSWLRQDQGDOVRFRVWRIKDUGZDUHRYHUKHDG
Keywords
0RWLRQ(VWLPDWLRQ 0( 3URFHVVLQJ(OHPHQWV 3(V 7&*54FRGH('&'5&
I. Introduction
Video coders compress digital video sequences by removing
redundancies. The most important temporal redundancy is typically
reduced by motion estimation and motion compensation which
encodes the differences between intensity values in the current
frame and those of their counterparts in the reference frame that has
been translated by an estimated motion vector [1]. In most video
coding standards, motion estimation is based on blocks. A video
frame is divided into nonoverlapping macroblocks [2], typically
of size 16*16 pixels. Each macroblock is compared to candidate
blocks within a search area in the reference frame. This process
is referred to as the block matching algorithm (BMA). Various
GLVWRUWLRQPHDVXUHVFRXOGEHXVHGIRU¿QGLQJWKHEHVWPDWFKIRU
a macroblock in the motion estimation process.
Mean squared error (MSE), mean absolute error (MAE), and sum
of absolute differences (SAD) [3] are commonly used. Recently, a
new distortion measure for motion estimation has been proposedthe sum of absolute transformed differences (SATD) [4]. This
PHDVXUHVXPVWKHIUHTXHQF\WUDQVIRUPFRHI¿FLHQWVW\SLFDOO\WKH
Hadamard transform of the differences between the pixels in the
template macroblock and the corresponding pixels in a candidate
block. SATD is considerably slower than the SAD but it more
accurately predicts quality from the viewpoints of both objective
and subjective metrics. Therefore, it is used in the H.264 reference
model software [5], as well as in other new video encoders. Motion
HVWLPDWLRQDOWKRXJKHI¿FLHQWLQUHGXFLQJWHPSRUDOUHGXQGDQF\
incurs high computational complexity.
$IXOOVHDUFKWHFKQLTXHIRU¿QGLQJWKHEHVWPDWFKLQJUHJLRQZLWKLQ
the search area in the reference frame is usually impractical for realtime applications due to the large number of comparisons required.
Thus, many alternative “fast search” motion estimation algorithms
have been proposed in the literature [6]. The main concepts of
WKHVHIDVWDOJRULWKPVFDQEHFODVVL¿HGLQWRVL[FDWHJRULHVUHGXFWLRQ
LQVHDUFKSRVLWLRQVSUHGLFWLYHVHDUFKVLPSOL¿FDWLRQRIPDWFKLQJ
criterion, bitwidth reduction, hierarchical search, and fast full
search. The most popular category is the reduction in search
positions. Algorithms in this category reduce search complexity
by limiting the number of candidate blocks [7]. These algorithms
rely on the assumption that the matching error monotonically
increases with the distance from the optimal position (having
minimum distortion). This assumption is not always valid and the
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process may converge to a local minimum on the error surface
rather than the global minimum as in the full search algorithm.
Well-known algorithms in this [8]category are the 2-D logarithmic
search, three-step search, four-step search, cross search, diamond
search, and center-biased diamond search. Diamond search based
DOJRULWKPVKDYHVLJQL¿FDQWO\EHWWHUSHUIRUPDQFHLQVSHHGDQG
quality than prior algorithms. However, due to its simplicity, threestep search is still commonly used.
Predictive motion estimation, for example [9,10] utilize the
motion information in the spatial and/or temporal neighbouring
macroblocks to form an initial estimate of the current motion
vector. Thus, it can effectively reduce the search area as well as
the computation. Another approach for fast motion estimation is
to speed up the calculation of matching error for each candidate
block independently. This is usually achieved by subsampling the
pixels in the template and candidate blocks [11, 12]. Finding the
optimal match with minimum matching error using this technique
is, however, not guaranteed. This approach may be combined with
the former two techniques to limit the number of search positions
and to predict the current motion vector.
A different approach for fast motion estimation uses simple
matching criteria to reject search positions while ensuring the
global minimal matching error can still be attained. Only candidate
EORFNVWKDWKDYHQRWEHHQGLVTXDOL¿HGDUHIXUWKHUSURFHVVHGXVLQJ
more precise distortion calculations. Using an appropriate test,
many search positions may be excluded from being further
considered in the motion vector search, thus reducing search
FRPSOH[LW\VLJQL¿FDQWO\5HGXFWLRQRIFRPSXWDWLRQDQGPHPRU\
access by using pixel truncation presented in [13], these designs
are also presented for reducing or considering the computational
complexity for limited resource environments.
II. Proposed Method
The proposed bandwidth scalable ME integrated with the full
search ME engine in the proposed ME architecture design as
VKRZQLQ¿J7KLVDUFKLWHFWXUHFRQVLVWVRIWZRPDMRUEORFNV
Bandwidth scalable ME controller and ME engine. First, the
bandwidth scalable ME controller decides the SR of the current
MB. The data request of SR data and current MB are loaded from
external memory by using memory controller and are stored in
the current pixel buffer and reference pixel buffer.
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)LJ%ORFNGLDJUDPRI(''5DUFKLWHFWXUH

)LJ%ORFN'LDJUDPRI%DQGZLGWKVFDODEOH0RWLRQ(VWLPDWLRQ
In ME engine, SAD generation modules, mode decision module
pre-retrieval control unit are used to calculate the best mode.
Pre-retrieval control unit issues the data request of SR data and
current macroblocks. The data in the current pixel buffer and
reference pixel buffer are used to calculate SADs through the
SAD generation module 1 and 2, both can be done at each cycle.
The control unit simultaneously produces control signals to the
two SAD generation modules, motion vector predictor generator
and the pre-retrieval control unit.

The EDDR scheme comprises two major circuit designs, i.e. error
detection circuit (EDC) and data recovery circuit (DRC), to detect
HUURUVDQGUHFRYHUWKHFRUUHVSRQGLQJGDWDLQDVSHFL¿FFLUFXLWXQGHU
test (CUT). The test code generator (TCG) utilizes the concepts
of RQ code to generate the corresponding test codes for error
detection and data recovery. In other words, the test codes from
TCG and the primary output from CUT are delivered to EDC,
to determine whether the CUT has errors. DRC is in charge of
recovering data from TCG. Additionally, a selector is enabled
to export error-free data or data-recovery results. This work
adopts the systolic ME as a CUT to demonstrate the feasibility
of the proposed EDDR architecture. ME consists of many PEs
incorporated in a 1-D or 2-D array for video encoding applications.

A. Fault model
The PEs are essential building blocks and are connected regularly
to construct ME. Generally, PEs are surrounded by sets of ADDs
Additionally, it needs to count the number of MBs (MBcount) up to DQGDFFXPXODWRUVWKDWGHWHUPLQHKRZGDWDÀRZVWKURXJKWKHP
the current coded kth MB. Handshaking policy takes place between PEs testing assignment can be easily achieved by using the
the pre-retrieval control unit and the memory controller is in the fault model, cell fault model (CFM). Using CFM has received
RUGHURIUHTXHVWDFNQRZOHGJHDGGUHVV¿QLVKVLJQL¿FDQWO\7KH considerable interest due to accelerated growth in the use of highpre-retrieval control unit must send a request signal to the memory level synthesis, as well as the parallel increase in complexity
controller for the sake of data processing. If the memory controller and density of integration circuits (ICs). Arithmetic modules
is idle, it will be activated and respond with an acknowledge signal DUHGHVLJQHGLQDQH[WUHPHO\GHQVHFRQ¿JXUDWLRQGXHWRWKHLU
to the pre-retrieval control unit. When the pre-retrieval control unit regularity.
receives the acknowledge signal, it generates a memory address
for the memory controller to load the required reference pixels for B. TCG design
WKHIROORZLQJVWHS$IWHUWKHWDVNLV¿QLVKHGWKHPHPRU\FRQWUROOHU According to Fig. 2, TCG is an important component of the
VHQGVD¿QLVKVLJQDODQGZDLWVIRUWKHQH[WUHTXHVW7KHPRGH proposed EDDR architecture. Notably, TCG design is based on
GHFLVLRQPRGXOHVHOHFWVWKH¿QDOEHVWPRGHDQGVHQWDVRXWSXW the ability of the RQCG circuit to generate corresponding test
along with its motion vector difference. For SR decision of the FRGHVLQRUGHUWRGHWHFWHUURUVDQGUHFRYHUGDWD7KHVSHFL¿F3(
next MB, the corresponding R-D cost data like JBMA and JMVP, the in Fig. 2 estimates the absolute difference between the Cur_pixel
best MB mode, and the sum_mv are sent back to the bandwidth of the search area and the Ref_pixel of the current macroblock.
scalable ME controller. In this method, EDDR architecture is TCG is the combination of PE and RQCG. It will produce RT
merged into ME engine for detecting and correcting the errors. and QT value and given to EDC circuit to detect errors. In the
7KHHUURUGHWHFWLRQDQGGDWDUHFRYHU\FLUFXLWDVVKRZQLQ¿J
existing system residue and quotient value are found in a separate
circuit. It produces residue and quotient value only in 22 clock
cycles. Division can be done by continuous subtraction. We can
use a combination of subtraction unit and calculate residue and
quotient value in reduced clock cycles, so the testing time will
be greatly reduced.
C. EDDR circuit
The outputs between TCG and RQCG are compared in EDC
(Error Detection Circuit) in order to determine whether errors
have occurred. If the values of RPE = RT and QPE = QT, then the
HUURUVLQDVSHFL¿F3(FDQEHGHWHFWHG7KH('&RXWSXWLVWKHQ
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used to generate a 0/1 signal to indicate that the tested PE is
error free/erroneous. DRC (Data Recovery circuit) is in charge
of recovering data from TCG.
D. Memory Controller
ME controller receives these R-D cost data along with number
of MBs, Pupdate which denotes the period to update the available
system bandwidth depends on the system condition, Br denotes
the data rate (bytes/s) allocated by the memory controller, Fr
denotes the coded frame number per second. Pupdate is set from one
frame to multiple frames. Notably Pupdate can be changed at any
time to adapt for changing the bandwidth abruptly. Dynamically
SR can be determined by bandwidth scalable ME controller. And
also the memory address to the pre-retrieval control unit to load
the required reference pixels for ME search can be generated.
This architecture accepts R-D cost data of JBMA and JMVP from
ME engine and system information from the memory controller
to generate the appropriate SR for ME coding.
There are six major tasks presented in the proposed architecture of
the bandwidth scalable ME controller. They are BW initialization,
%:HI¿FLHQF\FDOFXODWLRQ%:SUHGLFWLRQ%:DOORFDWLRQ65
SUHGLFWLRQDQG)LQDO65SUHGLFWLRQVKRZQLQ¿J7KHVHWDVNV
WDNH¿YHF\FOHVWRFRPSOHWH

(1)
where NMB is the total number of MBs within Pupdate. Thus, the
global system SR (SRsys) for the ME hardware is
(2)
Pupdate can be changed abruptly with respect to the available
bandwidth; new value can be set as well to force lower bandwidth
usage when necessary.
6WHS&DOFXODWHWKHEDQGZLGWKHI¿FLHQF\IRUFXUUHQWFRGHGNWK
0%IRUMXVWLI\LQJWKHFRGLQJHI¿FLHQF\7KHEDQGZLGWKHI¿FLHQF\
G[k] which represents the R-D gain per unit bandwidth can be
expressed as
(3)
where BWused denotes the accumulated used data bandwidth up
to the (k-1)th MB.
6WHS  )LQG WKH SDVW %: SUHGLFWLRQ %:PP) for the current
coded MBs and future BW prediction (BWFP) for the remaining
MBs. The required bandwidth of the current coded MB can be
SUHGLFWHGZLWKWKHKHOSRIDYHUDJHEDQGZLGWKHI¿FLHQF\KDYLQJ
quality smoothness constraint. R-D gain should be changed
slowly between neighbouring coded MBs by involvement of
quality smoothness constraint. Therefore, the past and future BW
prediction can be represented as
(4)
(5)

An available bandwidth interval can be determined by using the
future and past predicted bandwidth. In this case, two possible
conditions occur. They are if the future BW prediction is greater
than the past BW prediction, this implies that less bandwidth had
been allocated to the previous MBs and thus more bandwidth can
be allocated to the next MB.
In contrast, the other case implies that too much bandwidth had
)LJ%ORFNGLDJUDPRIWKHSURSRVHGEDQGZLGWKVFDODEOH0( been allocated to the previous MBs, and hence, less bandwidth
controller
can be allocated to the next MB. These conditions are applied for
GH¿QLQJWKHORZHUDQGXSSHUERXQGRIWKHEDQGZLGWKXVDJHLQWKH
The main idea of the proposed algorithm is to allocate the available %:JHQHUDWRUDVVKRZQLQ¿J
bandwidth in R-D optimized sense within the given bandwidth 6WHS'HWHUPLQHWKHSUHGLFWLYH65 3UHGB65 DFFRUGLQJWRWKUHH
budget. During this allocation, the R-D performance should be EDQGZLGWKPRGHV
kept as smooth as possible for consecutive coding, while the  Previous MB falls outside the BW interval bounded by
R-D performance should also be maximized within the available
BWupper- Mode BW_H
bandwidth. However, the true consumed bandwidth is unknown  Previous MB falls within the BW interval- Mode BW_N
before the real coding process occurs. A reasonable way to realize  Previous MB falls outside the BW interval bounded by
this task is based on using the statistics of past bandwidth usage
BWLower- Mode BW_L.
and R-D performance to predict the possible bandwidth usage of The R-D performance is optimized by increasing the SR with
the next coding unit. With the above constraints and prediction, an WKHVXI¿FLHQWXVDJHRIEDQGZLGWKVXSSO\)XUWKHUWKHPRWLRQ
appropriate bandwidth can be allocated to meet the requirements. vector information of the neighboring coded blocks is used to
7KHRSHUDWLRQPRGHZLWKWKHJUHDWHVWFRGLQJHI¿FLHQF\VKRXOGEH UH¿QHWKH6HDUFKUDQJH7KHDGMDFHQWPRWLRQYHFWRUV 09V IURP
selected, because it also indicates a better R-D performance gain neighboring blocks related to current block such as the motion
with equal bandwidth consumption.
vector of the neighboring upper MB (MVU), upper right MB
7KXVWKHZKROHDOJRULWKPFDQEHGLYLGHGLQWRIRXUVWHSVDVIROORZV (MVUR), left MB (MVL), and upper left MB of the current coded
6WHS)RUEDQGZLGWKDOORFDWLRQ,QLWLDOL]HWKHPHPRU\EDQGZLGWK MB (MVUL). When MVUR is absent, on that situation MVUL is
budget (BWbudget ) within Pupdate and is calculated by
XVHG7KHQZHFRPSDUHWKHVH¿UVWWKUHH09V 09U, MVL, MVUR)
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and the summation of the absolute values of these three MVs
(sum_mv). Finally the Search Range is determined as
(5)
Where the SRsys is used as the upper bound of the allocated SR to
DYRLGEDQGZLGWKXVDJHRYHUÀRZ,WFDQEHHDVLO\DGDSWHGWRVXGGHQ
bandwidth change by setting new system SR. To reduce the critical
SDWKGHOD\WKHVHPDMRUWDVNVDUHSLSHOLQHGLQWR¿YHVWDJHV)RU
low hardware cost and sake of simplicity bandwidth allocation
XQLW65SUHGLFWLRQXQLWDQGEDQGZLGWKHI¿FLHQF\FDOFXODWRUDUH
implemented with subtractors, shifters, adders, comparators and
one divider only.
III. Simulation Results
The proposed architecture is designed using verilog HDL,
simulated using modelsim software and synthesized using Xilinx
project navigator.

)LJ3RZHU6XPPDU\
The Table I and graph I shows the power consumption, quiescent
current at 1.2v and quiescent current at 2.5v for the proposed
architecture.
7DEOH3HUIRUPDQFH$QDO\VLV
Evaluation Parameters

Results

Power consumption

27mW

Quiescent current at 1.2v

8mA

Quiescent current at 2.5v

2mA

Junction Temperature

26C

*UDSK3HUIRUPDQFH$QDO\VLV
)LJWaveform Simulation

IV. Conclusions

7KLVSURMHFWKDVSUHVHQWHGHI¿FLHQWKDUGZDUHDUFKLWHFWXUHIRU
motion estimation design to resource-limited mobile video
)LJ57/6FKHPDWLF9LHZRI3URSRVHG$UFKLWHFWXUH
DSSOLFDWLRQV)URPWKHUHVXOWWKH¿QDOGHVLJQSURYLGHVVXSHULRU
SRZHUHI¿FLHQF\DQGORZHUEDQGZLGWKUHTXLUHPHQW7KHSURSRVHG
7KHVLPXODWHGZDYHIRUPRIWKH¿QDOVHDUFKUDQJHSUHGLFWLRQIRUWKH methods obtained the minimal area overhead and also acquired
lower memory bandwidth requirement of the motion estimation is low hardware cost. The proposed ME scalable Motion Estimation
VKRZQLQ¿J57/VFKHPDWLFYLHZRIWKHSURSRVHGDUFKLWHFWXUH with EDDR architecture is also implemented by using Verilog
LVVKRZQLQ¿J7KHWRWDOSRZHUFRQVXPSWLRQRIWKHSURSRVHG and synthesized by the ModelSim and Xilinx. The presented
DUFKLWHFWXUHLVVKRZQLQ¿J
approach can be combined with the error detection and data
recovery architecture to further reduce the error and to improve
the power reduction compared with the bandwidth scalable ME.
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