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Sarp Ertürk, Member, IEEE

Abstract—In this paper, we present efficient hardware imple-
mentation of multiplication free one-bit transform (MF1BT) based
and constraint one-bit transform (C-1BT) based motion estimation
(ME) algorithms, in order to provide low bit-depth representation
based full search block ME hardware for real-time video encoding.
We used a source pixel based linear array (SPBLA) hardware ar-
chitecture for low bit depth ME for the first time in the literature.
The proposed SPBLA based implementation results in a genuine
data flow scheme which significantly reduces the number of data
reads from the current block memory, which in turn reduces the
power consumption by at least 50% compared to conventional 1BT
based ME hardware architecture presented in the literature. Be-
cause of the binary nature of low bit-depth ME algorithms, their
hardware architectures are more efficient than existing 8 bits/pixel
representation based ME architectures.

Index Terms—Low bit-depth motion estimation, motion estima-
tion hardware, source pixel based linear arrays.

I. INTRODUCTION

B LOCK motion estimation with Sum of Absolute Differ-
ences (SAD) matching of pixels has been adopted as stan-

dard approach for motion estimation (ME) in video encoders.
The one-bit transform (1BT) has been proposed in [1] to reduce
the computational complexity of the matching process in ME by
transforming video frames into 1 bit/pixel representations and
performing ME using these binary representations. In [2], a new
binarization kernel is proposed for 1BT to facilitate a multipli-
cation free transform for reduced transform complexity, referred
to as multiplication free one-bit transform (MF1BT). An early
termination scheme for binary ME is presented in [3]. In [4], a
two-bit transform (2BT) is proposed to improve ME accuracy
compared to 1BT by constructing two bit-planes for each video
frame and performing ME using the 2BT representations. Re-
cently, the constrained one-bit transform (C-1BT) is presented
in [5] and it is shown that the C-1BT can provide increased ME
accuracy compared to 2BT at much lower complexity.
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İ. Hamzaoğlu is with the Faculty of Engineering and Natural Sciences, Sa-
banci University, 34956 Istanbul, Turkey (hamzaoglu@sabanciuniv.edu)

Digital Object Identifier 10.1109/LSP.2009.2017222

In this paper, we present efficient hardware implementations
of MF1BT and C-1BT based ME for the first time in the liter-
ature, in order to provide low cost ME hardware for real-time
video encoding. MF1BT based ME hardware can be used when
the ME hardware cost is very important but a small loss in the
performance can be tolerated, whereas C-1BT based ME hard-
ware can be used when a small increase in the ME hardware cost
can be tolerated but ME performance is very important.

Binary ME hardware implementations are presented in [1],
[6], [7]. In [1], a motion vector based linear arrays (MVBLA) ar-
chitecture is used for implementing 1BT based ME. The source
pixel based linear arrays (SPBLA) architecture is introduced in
[6], but it is not used for implementing low bit-depth ME ap-
proaches so far. We used SPBLA architecture for implementing
low bit depth ME for the first time in the literature. The proposed
SPBLA based implementation results in a genuine data flow
scheme which significantly reduces the number of data reads
from the current block memory, which in turn reduces the power
consumption by at least 50% compared to MVBLA based 1BT
ME hardware presented in [1].

A fast binary ME algorithm based on a binary pyramid struc-
ture and its hardware architecture are presented in [7], but this
approach has a higher complexity compared to MF1BT and
C-1BT based ME approaches because it uses three different bit
planes which increases the memory bandwidth compared to pro-
posed 1BT based hardware architecture. In [7], neither ASIC
nor FPGA implementation results are presented and their 1-D
systolic array implementation uses two times more processing
elements (PE) than the proposed 1BT based hardware architec-
ture.

Many hardware architectures for ME algorithms using 8 bits/
pixel video frames are proposed in the literature and several ex-
amples can be found in [8]–[12]. In [8], a hardware architec-
ture for hierarchical ME with 8 bits/pixel representation and an
example FPGA implementation together with a hardware com-
plexity analysis is provided. In [9], an efficient variable block
size ME hardware for H.264 is presented. In [10], a high per-
formance hardware architecture with a new data reuse method
for the search window data is proposed and a systolic register
array is utilized to reduce the data read count for the reference
data. In [11], memory bandwidth efficient hardware architec-
ture is proposed with a new data reuse scheme that considers
integer and fractional motion estimation together. A reconfig-
urable VLSI architecture to efficiently utilize data reuse on the
search window based on a “meander”-like scan approach is pro-
posed in [12] where 30% lower on-chip memory access ratio is
achieved.
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Because of the binary nature of the low bit-depth ME algo-
rithms their hardware architectures are more efficient than ex-
isting 8 bits/pixel representation based ME hardware architec-
tures. ME hardware implementations based on 8 bits/pixel rep-
resentations require 2-D PE systolic arrays to achieve real-time
ME for high resolution video (such as 720 p@30 fps) while low
bit-depth representation based ME hardware implementations
can achieve real-time ME for high resolution video by using 1D
PE systolic arrays.

II. MF1BT AND C-1BT BASED BLOCK MOTION ESTIMATION

In [1], 1BT using a multi-band pass filter that has 25 nonzero
elements is utilized to obtain filtered images. The filtered im-
ages are compared to the original image frames to create the
one-bit images. In this case, non-integer operations are required
for the normalization stage of the filtering which has compara-
tively higher computational complexity. In [2], a novel diamond
shaped kernel which is called multiplication free is proposed to
decrease the computational burden of the filtering stage of 1BT.

2BT improves ME accuracy compared to 1BT, and C-1BT
can provide increased ME accuracy compared to 2BT at
much lower complexity [5]. In C-1BT, in addition to the 1BT
bit-plane, a constraint mask is used while evaluating a block
match. The constraint mask is used to decide if pixels are
reliable enough to be considered in the 1BT matching process.
In C-1BT the standard bit-plane is obtained as in conventional
1BT in the form of

if
otherwise

(1)

where shows the 1BT bit-plane, and denote the orig-
inal and multi-bandpass filtered video frames, respectively, and

shows the spatial pixel position. A constraint mask (CM)
is introduced for this purpose as

if
otherwise

(2)

The CM indicates whether a pixel is close to the 1BT threshold
(which is actually the filtered version of the original frame)
by a certain distance , or not. The constrained number of
non-matching points (CNNMP) criterion is then used to eval-
uate the match of two blocks as in (3), shown at the bottom of
the page, where , , and denote binary OR, AND, and EXOR
operations respectively. Note that in case of MF1BT, the number
of non-matching points (NNMP) criterion is obtained by omit-
ting the first part (CM influence) in CNNMP. The search loca-
tion for which the smallest NNMP or CNNMP value is obtained
is considered as the motion vector of the current block.

Fig. 1. (a) Proposed MF1BT based ME hardware and (b) PE Array block.

III. PROPOSED HARDWARE ARCHITECTURES

Motion vector based linear arrays (MVBLA) and Source
pixel based linear arrays (SPBLA) are commonly used hardware
architectures for hardware implementations of ME algorithms
[6]. In MVBLA, processing elements (PEs) in the systolic array
compute the matching criterion for different search locations
independently from each other. In SPBLA, PEs in the systolic
array compute the matching criterion for each search location
together. In SPBLA, there is a single interconnect between the
PE array and the comparator, while, in MVBLA all of the PEs
have connections to the comparator.

The proposed SPBLA based hardware architecture for
MF1BT ME is shown in Fig. 1. The SPBLA based hardware
architecture for C-1BT ME is the same except the extra memory
blocks used for CMs. As shown in Fig. 1(a), there are two on
chip memories in the architecture, one of them is used for
storing the current block (CB) and the other is used for storing
the search window (SW). For a block size of and a
search range of , an bits memory is needed for
CB and bits memory is
needed for the SW.

The PE array block is shown in Fig. 1(b). It can be seen that
the number of non-matching points accumulation is performed
sequentially through the PEs in the PE array. Therefore, after
the first 15 cycles, the matching criterion for one candidate lo-
cation is computed in every clock cycle. Since there are 1024
candidate search locations in a search range of [ , 15], 1039
clock cycles are needed to compute the motion vector for the
current 16 16 block for a search range of [ , 15].

(3)

Authorized licensed use limited to: ULAKBIM UASL - SABANCI UNIVERSITY. Downloaded on November 1, 2009 at 10:48 from IEEE Xplore.  Restrictions apply. 



ÇELEBI et al.: EFFICIENT HARDWARE IMPLEMENTATIONS OF LOW BIT DEPTH MOTION ESTIMATION ALGORITHMS 515

Fig. 2. (a) PE architecture for MF1BT ME hardware and (b) PE architecture
for C-1BT based ME hardware.

The PE architectures for MF1BT and C-1BT based ME ap-
proaches are shown in Fig. 2(a) and (b), respectively. The PE ar-
chitecture shown in Fig. 2(a) has two ports (S1, S2) for reading
the reference block from the SW memory and one port (C) for
reading the current block from the CB memory. To compute
NNMP criterion for a candidate location, the pixels in the cor-
responding reference block and the pixels in the corresponding
current block are XORed using XOR arrays and the number of
ones output by the XOR arrays are counted using a dual input
and dual output look up table (LUT) and a 4-bit adder. Finally,
the accumulated partial NNMP count coming from the previous
PE and the partial NNMP count of the current PE are added and
the result is sent to the next PE.

C-1BT based ME hardware computes CNNMP criterion
for a candidate location similar to the computation of NNMP
criterion by MF1BT based ME hardware. However, since the
CNNMP measure requires additional logic operations com-
pared to the NNMP measure, the PE architecture for C-1BT
ME hardware contains additional blocks such as the AND array
and the OR array as shown in Fig. 2(b).

The data flow scheme of the proposed MF1BT based ME
hardware is presented in Table I. In this table, denotes the
current block pixels in the first row of the current 16 16 block
and denotes the 16 reference block pixels in the (0,0) to
(0,15) coordinates of the search window. In this table, terms
shown in square brackets denote the pixels that are read from
the Latch block instead of the on-chip memory, while terms not
shown in square brackets denote the pixels that are read from
the on-chip memory.

As shown in Table I, after the first 15 cycles, the NNMP
measure for one candidate location is computed in every clock
cycle. All of the current block pixels are latched in the first 15
clock cycles, and a memory read operation is not performed for
the current block pixels after the 15th clock cycle. Therefore,
only 16 memory reads are required from the CB memory. How-
ever, in the MVBLA based 1BT ME hardware presented in [1],
1024 memory reads are required from the CB memory for the
same search range size of [ 16, 15]. Therefore, using SPBLA
hardware architecture for binary ME significantly reduces the
number of data reads from the CB memory compared to the ar-
chitecture presented in [1].

TABLE I
DATA-FLOW SCHEME OF THE MF1BT BASED ME HARDWARE

TABLE II
SYNTHESIS RESULTS

IV. IMPLEMENTATION RESULTS

The proposed ME hardware architectures are implemented
in Verilog HDL and the implementations are verified with post
P&R simulations using Mentor Graphics ModelSim.

The Verilog RTL implementations are synthesized to a Xilinx
XC2VP30 FPGA using Synplify Premier tool. The synthesis
results of the proposed ME hardware and the synthesis results
of the MF1BT and C-1BT ME hardware implemented using the
hardware architecture presented in [1] are presented in Table II.
These results show that the area of the hardware architectures
is similar but the performance of the proposed architecture is
much better than the architecture presented in [1].

Power consumption analysis of the proposed architecture and
the architecture presented in [1] are carried out using Xilinx
XPower tool by using the switching activity of the hardware
architectures obtained using Mentor Graphics ModelSim sim-
ulator as described in [13]. The power consumption analysis
for several search positions in a sample video frame is given in
Table III for C-1BT. These results show that the average power
consumption of the architecture proposed in [1] is about 2 times
higher than the proposed architecture, which clearly proves the
efficiency of the proposed data flow scheme.

Both proposed MF1BT and C-1BT ME hardware architec-
tures, when implemented on a Xilinx XC2VP30 FPGA, can per-
form 45 fps full-search ME for 720 p HDTV sized video frames
for a search range of [ 16, 15] pixels. It is clear from Table II
that the hardware complexity of the proposed architectures in-
creases depending on the number of bit planes used in the ME
method. Therefore, MF1BT based ME hardware can be used
when the ME hardware cost is very important but a small loss
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TABLE III
POWER CONSUMPTION RESULTS FOR C-1BT

TABLE IV
COMPARISON WITH 8 BITS/PIXEL ME HARDWARE

in the performance can be tolerated. On the other hand, C-1BT
based ME hardware can be used when a small increase in the
ME hardware cost can be tolerated but ME performance is very
important.

Comparison of the proposed ME hardware with the ASIC im-
plementation of an 8 bits/pixel based ME hardware presented
in [12] is shown in Table IV. Because of the binary nature of
MF1BT ME algorithm, the proposed MF1BT ME hardware is
more efficient than the 8 bits/pixel representation based ME
hardware presented in [12] as it requires a much lower number
of PEs. Furthermore the power consumption of the proposed ap-
proach is significantly lower. It is important to note that results
provided for the proposed approach are for FPGA implementa-
tion while results in [12] are for ASIC implementation in 0.18

process. The power consumption of the proposed approach
is expected to decrease even further in case of ASIC implemen-
tation.

ME hardware based on 8 bits/pixel representation require 2-D
PE systolic array to achieve real-time ME for high resolution
video while the proposed MF1BT ME hardware achieves real-
time ME for high resolution video by using 1-D PE systolic
array. Because each PE in 8 bits/pixel representation based ME
hardware can process only one pixel in each clock cycle whereas
each PE in MF1BT ME hardware can process 16 pixels in each
cycle. In addition, in 8 bits/pixel representation based ME hard-
ware, a 2-D parallel adder tree is used for adding the partial
SADs computed by the PEs, whereas in the proposed MF1BT
hardware the partial NNMP results computed by the PEs are
added sequentially in each PE.

V. CONCLUSION

In this paper, efficient hardware implementation of MF1BT
and C-1BT based ME algorithms are presented for the first time
in the literature in order to provide low cost ME hardware for
real-time video encoding. MF1BT ME hardware can be used
when the ME hardware cost is very important but a small loss

in the performance can be tolerated, whereas C-1BT based ME
hardware can be used when a small increase in the ME hard-
ware cost can be tolerated but ME performance is very impor-
tant. In this paper, SPBLA hardware architecture is used for im-
plementing low bit depth ME for the first time in the literature.
The proposed SPBLA based implementation of low bit-depth
ME results in a genuine data flow scheme which significantly re-
duces the number of data reads from the current block memory,
which in turn reduced the power consumption by at least 50%
compared to MVBLA based 1BT ME hardware presented in
the literature. Because of their binary nature, low bit-depth ME
hardware is more efficient than existing 8 bits/pixel representa-
tion based ME hardware.
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