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SUMMARY In MPEG standard, motion estimation (ME) is
used to eliminate the temporal redundancy of video frames. This
ME is the most time-consuming task in the encoding of video se-
quences and is also the one using the most power. Using low-bit
images can save power of ME and a conventional architecture
fixed to a certain bit width is used for low-bit motion estimator.
It is known that there is a trade-off between power and image
quality. ME may be used in various situations, and the rela-
tion between demands for power or image quality will depend on
those circumstances. We therefore developed an architecture for
a low-bit motion estimator with adjustable power consumption.
In this architecture, we can select the bit width for the input
image and adjust the amount of power for ME. To evaluate its
effectiveness, we designed the motion estimator by VHDL and
used the synthesis results to estimate the performance.
key words: low power, motion estimation, MPEG, less gray

level image

1. Introduction

In many multimedia applications, video data is often
compressed according to the MPEG standard. There is
considerable temporal redundancy in image sequences,
and the MPEG codec uses motion estimation (ME)
to eliminate the temporal redundancy of video frames.
This ME is the most time-consuming task in the encod-
ing of video sequences and is also the one using the most
power. Many algorithms have been studied in efforts to
reduce the complexity of ME and save power. In those
algorithms, the quality of the encoded image is deterio-
rated in exchange to reduce the complexity and power.
It is known that there is a trade-off between power and
image quality. ME may be used in various situations,
and the relation between demands for power or image
quality will depend on those circumstances. For exam-
ple, when running ME with a commercial power source
there are no constraints on power availability and we
will give more weight to image quality. But when run-
ning ME with a battery, power considerations can be
more important than considerations of image quality.
For instance, PCs with video cameras are used widely

Manuscript received December 2, 1999.
Manuscript revised March 1, 2000.

†The authors are with the Department of Electri-
cal Engineering, Graduate School of Engineering, Tokyo
Metropolitan University, Hachioji-shi, 192-0397 Japan.

††The author is with the Department of Electrical and
Electronic Engineering, Faculty of Engineering, Niigata
University, Niigata-shi, 950-2181 Japan.

and the power considerations will change whether us-
ing indoors or outdoors. Balancing the needs for saving
power and the needs for image quality, we must be able
to select a suitable behavior for the motion estimator.
We therefore developed an architecture for a low-bit
motion estimator with adjustable power consumption.

Many algorithms have been studied in efforts to
reduce the complexity of ME and there are two ap-
proaches. One is to reduce the number of search lo-
cations in ME and the other is to reduce the amount
of computation per location. The latter is done by us-
ing images with far fewer bits/pixels. In this paper, we
concentrate on the latter case, although we may imple-
ment the scalability in the former case. For an example
of the former case, by controlling the search window
size, we have to control the data flow of input image.
Compared to the former case, the latter case does not
need to control the data flow and the scalability can be
implemented by controlling the bit width of input im-
age. Also, these two approaches are independent from
each other and these methods may be combined[1], [6].
This scalability could also be done using the combining
method.

Many algorithms for making low-bit images have
been proposed, and they differ on how to decide
thresholds for deciding whether or not to transform 8-
bit/pixel to data to data using fewer bits per pixel. [2]–
[5]. A typical approach uses a linear quantization that
truncates the least significant bits (LSB). Another ap-
proach is median-cut quantization which uses median
values as thresholds for quantization [6], [7]. Here, we
use a linear quantization to make low-bit images from
their simplicity. Reducing the bit width of input image
reduces power consumption, and the power required for
ME is proportional to the bit width of the input image.
To save power, it is necessary to use low-bit images.
But in choosing the bit width, we must of course con-
sider the trade-off between power and image quality.

In this paper, we developed an architecture for a
low-bit motion estimator with adjustable power con-
sumption. By selecting an appropriate bit width for
the input image we can adjust the amount of power
required for ME. To evaluate its effectiveness, we de-
signed the motion estimator by VHDL and used the
synthesis results to estimate the performance.

The organization of this report is as follows. In
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Sect. 2, we briefly review the block-matching motion
estimation with the method of using low-bit images and
the conventional linear array. In Sect. 3, we discuss the
architecture for low-bit ME and then we describe the
architecture we developed. To show the significance, in
Sect. 4, we estimate the performance from the synthesis
result of the VHDL model, followed by the conclusion
in Sect. 5.

2. Review

This section briefly reviews first the block-matching
motion estimation and the method of using low-bit im-
ages. Then we briefly review the conventional linear
array.

2.1 Block-Matching Motion Estimation

The MPEG codec is based on motion estimation, the
process that takes most of the time needed for video
encoding. There are several kinds of algorithms used
for motion estimation, and block-matching algorithms
are widely used in many kinds of video coding.

To see how these algorithms work, assume that a
current frame is divided into blocks whose size is 16×16
called macro blocks. The process of block-matching is
to find in a search window of previous frames the macro
blocks most similar to the macro blocks in the current
frame.

The accuracy of ME depends on the matching cri-
teria, and one of the most popular criteria is the sum
of absolute difference, or SAD, given by

SAD(k, l) =
16∑

i=1

16∑

j=1

|Pt(i, j)−Pt−1(i+k, j+l)|,(1)

where (k, l) is the location in the search window, Pt(i, j)
is a pixel at (i, j) in the current frame, and Pt−1(i, j) is a
pixel in the previous frame. When the value SAD(k,l)
is minimum, (k,l) is the motion vector of the macro
block.

A full-search block-matching algorithm exhaus-
tively examines all the locations in a search window.
This algorithm enables us to find the error-minimum
block, but it requires a large amount of computation.
Moreover, the algorithm is generally executed by using
8-bit images.

There are other algorithms reducing the complex-
ity of ME, which reduce the number of search loca-
tion. The architecture we developed is independent
from these algorithms and it may be combined with
them. For clarity here, however, describe its use with
a full-search block-matching algorithm.

2.2 Motion Estimation Using Low-Bit Images

The procedure for motion estimation using low-bit im-
ages is shown in Fig. 1. The pixel data is quantized

Fig. 1 Motion estimation using low-bit image.

with the thresholds calculated for each macro block in
the current frame. The images generated this way are
used to calculate the motion vector implicit in the min-
imum solution Eq. (1). Using low-bit images reduces
the calculation time required for motion estimation. To
demonstrate our proposed architecture, we use linear
quantization. Compared to other quantization meth-
ods, linear quantization has more image degradation
but it is easy to implement on hardware architecture
and makes it easy to evaluate the influence of using
low-bit images.

2.3 Conventional Linear Array [8]

In this paper, we modify the conventional architecture
partially. To illustrate the difference in our architec-
ture, we briefly review the conventional linear array for
motion estimator.

The block diagram of a motion estimator is shown
in Fig. 2, where a is the data from a macro block, and
b0, b1 are the data in two subregions of search window
as shown in Fig. 3. The SAD is calculated in each of 16
processing elements (PE). Figure 4 shows the conven-
tional architecture of a PE. Each data a from a macro
block is send to the next PE by delayed flip-flop (DFF).
The data flow for a PE is shown in Table 1. The first
SADs in each PE (from PE0 to PE15) are output se-
quentially from 256 clock cycles to 271 clock cycles. Af-
ter that, the SADs in each PE (from PE0 to PE15) are
output sequentially every 256 clock cycles. The min-
imum SAD in a 16×16-block region is selected in the
comparator module and the motion vector is given.

3. Proposed Architecture

In this section, we discuss the architecture for low-bit
ME and describe the architecture we developed. To
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Fig. 2 Block diagram of the motion estimator for full-search
block matching algorithm. DFF, PE, MUX stands for delayed
flip-flop, processing element, and multiplexer.

Fig. 3 Search window.

perform low-bit motion estimation, there are three dif-
ferent ways. One is to use the conventional motion
estimator for 8 bit/pixel data and input the quantized
low-bit data. The major component of the power dis-
sipation is the switching power which is caused by the
toggle of the signal. Using the low-bit data means to set
the toggle rate of the non-used data to “0.” From this

Fig. 4 The conventional internal architecture of PE.

Table 1 A data flow diagram for a full-search block matching motion estimation.

reason, we can save power, but there are circuits not
in use and it is redundant by means of power dissipa-
tion. The second one is to use the conventional motion
estimator fixed for a certain bit width. This way, we
can save power effectively but can not correspond to
various bit width. The last is to use the motion es-
timator which corresponds with various bit width and
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Fig. 5 Latch Module for variable bit width.

also deletes the redundancy of the power dissipation.
The architecture we propose belongs to the last type.
In this architecture, we can select an appropriate bit
width for input image and adjust the amount of power
required for ME.

3.1 Low-bit Motion Estimator

To perform low-bit ME, we generally need the input
image to be quantized by a certain threshold in ad-
vance. Then the quantized low-bit data is processed by
the conventional motion estimator for the specified bit
width. This way we can save power but cannot run the
ME on a different bit width. We assume here, however,
that the appropriate bit width for the input image is dif-
ferent in different situations, and we describe a method
fit for various bit widths.

In logic VLSI chips, most of the power is consumed
by clock supplies for latches. In the motion estima-
tor, PEs and Comparator have latches for which the
bit width of the input data vary according to the bit
width of the image. The DFFs also have input data
of variable bit width. They are shown as gray boxes
in Fig. 2 and Fig. 4. When a low-bit image is the in-
put signal, the least significant bits (which corresponds
to the truncated bits) are unnecessary and their pro-
cessing wastes power. Here we describe a latch module
dealing with variable bit width. With this module we
can save power by cutting the specific clock supply to
the latch according to the bit width of the input image.

3.2 Latch Module

We assume here that the input image can have 1-bit,
2-bit, 4-bit, and 8-bit bit widths. Instead of supplying
the same clock signal, we use DFFs with different clock
supplies. The input data is divided and stored in each
of the latches, and they are synchronized with different
clock signals: CLK(3), CLK(2), CLK(1), and CLK(0).
Figure 5 shows an example of a latch module for 8-bit
data. The 7th data bit is synchronized with CLK(3),
the 6th data bit with CLK(2), the 5th and 4th data bits
with CLK(1), and the 3rd, 2nd, 1st, and 0th data bits
with CLK(0). For 16-bit data used in the accumulator
inside a PE or in the comparator, the 15th through
the 7th data bits are synchronized with CLK(3), the

6th data bit with CLK(2), the 5th and 4th data bits
with CLK(1), and the 3rd through 0th data bits with
CLK(0). According to the input bit width, we cut the
clock supply for the corresponding latch and stop their
action in order to reduce power.

To explain our method, we assumed that the in-
put image can have four bit widths (8,4,2,1-bit). Please
note that we may design this module with other bit
widths, according to the desired environment. This ex-
ample is shown in the simulation result.

3.3 General Architecture

In the motion estimator, latches at which there bit
width change are used in each of the PEs and in the
comparator. The DFFs also have input data with vari-
able bit widths. They are shown in the gray boxes in
Fig. 2 and Fig. 4. To make use of our proposed method,
we replace those latches in each PE and Comparator
with the latch module described in Sect. 3.2. We also
replace the DFFs in Fig. 2 with the proposed architec-
ture.

This proposed architecture is independent from the
search algorithms. Therefore, it may be combined with
any search algorithms that control search window size
or reduce the number of search locations.

4. Performance Estimation

This section shows the significance of this new archi-
tecture by giving the estimated switching power. We
estimated the performance of the following models: a
standard motion estimator which the input bit width
is 8-bit, a bit fixed motion estimator for which a cer-
tain bit width (4-bit, 2-bit, 1-bit) can be specified as
the input bit width, and a motion estimator using the
proposed architecture. We also designed the motion es-
timator corresponding to two bit width, 4-bit and 2-bit,
using the proposed method.

4.1 PSNR Comparison

In our simulation, we used grayscale video sequences of
a flower garden (QCIF size: 176 × 144 pixels). The
codec we used is MPEG-2. The search window size
is 31 × 31 and the GOP structure is IPPI [9]. The
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Table 2 Estimation from the synthesis results of the conventional motion estimator
and the proposed.

Architecture Total cell Switching Power [mW]
area [µm2] 1 bit/pixel 2 bit/pixel 4 bit/pixel 8 bit/pixel

Standard(8-bit) 2012989 72.6704 88.4672 123.9617 187.0301
Bit fixed(4-bit) 1327471 - - 94.5026 -
Bit fixed(2-bit) 1020379 - 57.6781 - -
Bit fixed(1-bit) 833291 39.4292 - - -

Proposed(8,4,2,1-bit) 2131717 45.9987 69.0458 120.8540 218.4220
Proposed(4,2-bit) 1339017 - 60.4503 109.4654 -

Fig. 6 PSNR comparison for low-bit motion estimation.

video data is 8-bit/pixel with no signs. Here we re-
duced the 8-bit/pixel data to 1-, 2-, or 4-bit/pixel data
by linear quantization and simulated its processing at
1 Mbps. For motion estimation we used a full-search
block-matching algorithm. Figure 6 shows the PSNR
comparison of encoded image. The image quality dete-
riorates when data with fewer bits per pixel is used.

4.2 Estimation from Synthesis Results

Let Fh×Fv be the number of pixels per frame, Ft be the
number of frames per second (fps), N be the number
of pixels in a macro block, and T be the number of
clock cycles for the ME of every macro block. Then
the following condition for clock period tclk is derived:

tclk =
N

Fh × Fv × Ft × T
[sec]. (2)

The Quarter CIF (QCIF) is specified by Fh×Fv =
176 × 144 pixels, Ft = 30 fps, N = 256 pixels. The
linear array ME requires 4096 cycles to complete the
operations for a macro block so T = 4096 . We esti-
mate the performance in units of QCIF when CLK was
constrained to tclk = 80 ns.

To estimate the power consumption, we mod-
eled the proposed architecture by VHDL as an edge-
triggered synchronous system. The design has been
synthesized by using the Synopsys design tools ver.
1998.02 [10] with the linear model of the standard cell
library EXDLIB provided by VDEC for 0.5-µm CMOS
technology [11]. The environments are as follows:

• No driving cell is set to CLK. Inverters are set to

other inputs as driving cells.
• An inverter is set to each output as load.
• The operating condition is set to “WCCOM.”
• The wire load is set to “20 × 20.”

“WCCOM” stands for Worst Case COMmercial.
This is the worst operating condition for commercial
use which is defined in EXDLIB.

The constraints are as follows:

• CLK is constrained to tclk = 80 [nsec]
• Area is not constrained.

Switching power is the major component of over-
all power dissipation, and in the work reported in this
paper we estimates only the switching power. We an-
notate the switching information from the input im-
age (1-bit/pixel, 2-bit/pixel, 4-bit/pixel, 8-bit/pixel),
which was calculated from software model of ME. The
synthesis results are listed in Table 2.

The standard architecture(8-bit) is the conven-
tional architecture for motion estimation. Table 2
shows the switching power when using the standard
8 bit/pixel image and three kinds of low-bit images (4-
bit/pixel, 2-bit/pixel, 1-bit/pixel). From the result of
standard architecture (8-bit), we can see that it is effec-
tive on power to use low-bit images as an input. This
is the most simple way to implement the power scala-
bility, but there are circuits not in use which consume
power. From this reason, the power reduction is small.
The bit fixed architecture (4-bit, 2-bit, 1-bit) has no
redundancies in the circuit and the reduction of power
is the most. But these architectures can not implement
the scalability because the input bit widths are fixed.
The proposed architecture removes the redundancies
of power dissipation from the standard architecture (8-
bit) and we can save more switching power compared
to the standard motion estimator. The power of the
proposed architecture is increased compared to the bit
fixed architecture (4-bit, 2-bit, 1-bit). It is because
there are circuits for truncating the low-bit data and
the signals are increased. We can see this effect in the
increase of the total cell area. Moreover, we showed the
simulation of the proposed architecture corresponding
to 4-bit and 2-bit. Compared to the proposed architec-
ture with 8,4,2,1-bit, the switching power is more re-
duced and the total cell area and its power is becoming
closer to the bit fixed architecture (4-bit) By selecting
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other bit widths like 4-bit and 1-bit, the total cell area
and its switching power will be more close. The de-
signer can select which bit widths to use according to
the environment of the practical use.

5. Conclusion

In this paper we described an architecture for low-bit
motion estimation with power scalability. By cutting
the clock supply to latches, we prevent the latch from
expending power needlessly when using low-bit images
as the input signal source. By selecting which clock
supply to cut, we can control the power consumption
of the motion estimator. This way we can select the
ME behaviors appropriate to various situations. We
estimated switching power from synthesis results and
showed the effectiveness of our architecture. For the fu-
ture work, we would like to research on implementing
power scalability using other algorithms such as con-
trolling the search window size and combining them
with our proposed method.
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