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In this paper, we study the trade-off between energy-efficiency
and variation-tolerance of an error-resilient motion estimation architecture. Error-resiliency is incorporated via algorithmic noise-tolerance (ANT) where an input subsampled
replica (ISR) of the main sum-of-absolute-difference (MSAD)
block is employed for detecting and correcting errors in the
MSAD block. This architecture is referred to as ISR-ANT. In
the presence of process variations, the average peak signal-to) of ISR-ANT architecture increases by up
noise ratio (
over that of the conventional architecture in
to
IBM process technology. Furthermore, the
variation
is also reduced by
over that of the conventional architecture at the slow corner while achieving a power reduction of
.




Fig. 1. A typical timing violation induced error due to process
variations.





Index Terms— process variation, error resiliency

which affects the device threshold voltage
of the transistor. The usage of sub-wavelength lithography for patterning
transistors results in width and gate-length variations. This
creates delay variations which result in uncertainty in the data
arrival time at the registers or memory elements causing them
to latch incorrect data leading to logic errors. An example of
such an error event is shown in Fig. 1 using HSPICE simulaprotion of a latched full adder designed in an IBM
cess technology. We can see that the circuit which operates
correctly at the nominal process corner produces an erroneous
output at the slow process corner.
!

1. INTRODUCTION
Next generation wireless multimedia communications standards such as fourth generation (4G) mobile systems need
to provide services such as video transmission on hand-held
units. These units need to be energy-efficient while providing
a high quality of service. Various video compression standards have been proposed to reduce the bandwidth of multimedia data transmission. The MPEG-4 encoder is the most
computationally intensive block in a video processor. The
motion estimation (ME) kernel consumes
of the encoder computational complexity [1]. The ME datapath power
of the total ME power conconsumption is found to be
sumption for full search motion estimation algorithm and
of the total ME power consumption for the three step search
algorithm [2]. Therefore, low-power motion-estimation architectures and implementations are of great interest.
The ME implementations fabricated in nanometer silicon
process technologies face the problem of performing energy
efficient computation in the presence of noise. The nanometer
process technologies suffer from non-idealities such as process variations, voltage or temperature induced noise and soft
errors. One source of process variations is the random fluctuations in the number of dopant atoms in the MOS channel [3]
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Previous schemes to avoid errors due to timing violations
have relied on adaptive body biasing (ABB) to modulate the
transistor threshold voltage [4] and adaptive supply voltage
(ASV) [5]. However, the effectiveness of ABB is known to
decrease as the channel length shrinks while ASV requires accurate, power-hungry circuitry. Process variations cause
variability in operating frequency in current process technology and this variability is expected to increase to
within
the next years [6]. In the presence of such increased variations, a worst-case design has high power consumption while
the nominal design, even though it is energy-efficient, will
exhibit intermittent errors. Therefore, error-resilient architectures and implementations which trade-off power with reliability are of great interest [7].
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Fig. 3. The ISR-ANT based ME architecture.
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roblocks of size pixels by pixels. For each macroblock
in the current frame, the ME algorithm efficiently searches for
the best matching macroblock in the previous frame.
There are numerous algorithms for efficient search [1]
since the ME algorithm is not standardized. We select an algorithm that is suitable for VLSI implementation for energyefficiency purposes. The three step search (TSS) algorithm
[10] is a commonly employed sub-optimal block matching
algorithm because of the simplicity of its implementation, robustness and near optimal performance. In this paper, we
choose the TSS algorithm to demonstrate the effectiveness of
the proposed ANT technique. Note that the proposed ANT
technique can be applied to any other block matching algorithm.
In the TSS algorithm (see Fig. 2(a)), an initial step size ,
typically equal to half of the search window size is chosen.
with their center
Next, nine candidate macroblocks
locations as shown in Fig. 2(a), are chosen from the previous
frame for comparison. Eight of these candidate macroblocks
in the and direction
have their centers at a distance of
from the current macroblock. The ninth macroblock is at the
same location as the current macroblock.
The sum of absolute differences (SAD) for each of the
nine macroblocks are calculated by the main SAD (MSAD
) block (see Fig. 2(b)) by summing up the absolute difference between the corresponding pixels in the candidate macroblocks and the current macroblock. The output of the MSAD
block are the nine candidate SAD values denoted by
(
), where,


Fig. 2. The three step search (TSS) algorithm: (a) the search
window, and (b) a block level implementation.
1.1. Contribution
In this paper, we study the performance of error-resilient low
power ME architecture referred to as input subsampled replica
ANT (ISR-ANT) [9] in the presence of errors due to process
variations and voltage overscaling (VOS). In VOS, the sup, the supply voltage
ply voltage is reduced beyond
below which timing violations occur, in order to push the
limits of power savings using conventional voltage scaling
[8]. Simulations using statistical process model of an IBM
CMOS process technology show that ISR-ANT in) by up
creases the mean peak signal-to-noise ratio (
to
when compared to the
of the conventional
architecture on a slow die. ISR-ANT also reduces the varidue to WID variations around the slow
ation of the
process corner by
and achieves up to
power savings
.
for nearly equal values of
Section 2 describes the ME algorithm and presents ISRANT, the previously proposed error-resilient architecture for
energy-efficient motion estimation. Section 3 presents the
characterizations of the probability of error due to process
variations for the arithmetic units employed in ME implementation and explains the simulation setup. In section 4, we
present simulation results showing the impact of process variations and combination of both process variations and VOS
using the conventional and the ISR-ANT aron the
chitectures.
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2. PRELIMINARIES

2.1. The Three Step Search (TSS) Algorithm
An ME algorithm reduces temporal redundancy between consecutive video frames. In block matching ME algorithms, the
current video frame is partitioned into non-overlapping mac-
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The index corresponding to the best match is obtained as,


In this section, we present preliminaries of ME. We first introduce the ME algorithm and then demonstrate the application
of ANT resulting in the error-resilient ISR-ANT architecture.
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The motion vector is the vector difference between
and the current block. Next, is halved and the center of the
search window is moved to coincide with that of
.
Previous steps are repeated till the
becomes less than 1.
In the block level implementation of TSS in Fig. 2(b), the
MSAD block calculates the SAD in (1) while the MIN block
using (2).
determines






127





















2.2. Input Subsampled Replica (ISR) ANT

8−bit AD Block
16−bit Ripple Carry Adder

In this subsection, we describe the error-tolerant ME architecture referred to as the ISR-ANT architecture [9]. In a generic
ANT-based system, a main block is assumed to make intermittent errors due to timing violations which are corrected by
an error-control block (EC). The EC block includes an estimator and a decision block. We propose the following ME
architecture based on the concept of ANT to generate ISRANT as shown in Fig. 3.
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1. We employ an estimator based on input subsampling,
where an estimate of the MSAD output is calculated by
employing an ISR-SAD block which subsamples the
and
by a factor of as shown
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denote the SAD estimation error defined as
Let
follows:
(4)




















Note that ISR-SAD block will consume lower power
than the MSAD block and can be made to operate errorfree because it can operate with a lower clock frequency
and performs fewer computations.
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Fig. 4. Error characterization of AD block and a ripple carry
adder: (a) path delay distribution and (b) probability of process variation error.
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is an estimate of the errorNote, the ISR-SAD output
free sum
for
. Hence, a threshold
can be
. Let
dechosen in such a way that
note the difference between the actual (potentially erroneous)
MSAD output
and ISR-SAD output
, i.e.,


0.015
0.01

2. We modify the decision block as follows. We detect
and correct errors at the output of the MSAD block.



0.02







(5)


3. PROCESS VARIATIONS SIMULATION SETUP

An error is declared if
. The decision block employs the ISR-SAD output
as input to the MIN block if
an error is detected. If there is no error, the MSAD output
is employed as input to the MIN block.
ISR-ANT works well under the following assumptions:
















Process variations are classified as die-to-die (D2D) and withindie (WID) variations. D2D variations are caused by differences in process conditions (resist thickness, aberrations in
the stepper lens and others) experienced by chips on different
wafers in different lots. They modify the device properties
( , oxide thickness, conductance and others) for all the devices on the chip in the same way. The standard deviation
of the gate delay due to D2D process variations is denoted as
. WID variations result in differences in device parameters
for two instances of the same device on the same chip. WID
variations are caused by geometric variation due to different
layout conditions (nested vs. isolated, vertical vs. horizontal)
and mismatch due to the placement of dopant atoms in the
device channel. The mean and the standard deviation of the
gate delay due to WID process variations are denoted as
and respectively.
Process variations significantly affect circuit delay. The









1. The magnitude of error in MSAD block output is large.
This makes it easy to detect errors.

!

2. The ISR-SAD and the decision blocks are error-free.



Both assumptions are easily met in practice. This is because
the errors due to timing violations occur in the most significant bits (MSBs) due to least-significant bit (LSB) first nature
of computation in MSAD. As a result, the magnitude of the
error in MSAD block output is large. The ISR-SAD block
inputs to process as compared to inputs for
has only
the MSAD block. Hence, it is able to operate in an error-free
manner.
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Table 1. Characteristics of normalized delay distributions of
slow corner due to WID variations.
various gates at the
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Fig. 5. Delay distributions of various gates for a
slow die
with WID variations normalized to the mean inverter delay.
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impact of these variations are captured through measurements
[11], which are then employed to generate statistical process
models [12]. In this section, we first characterize the error
probabilities for the arithmetic units employed in the ME implementation due to D2D process variations. Then we discuss
the impact of WID process variations on circuit delay ( and
) using statistical process model for a
slow die. Next,
we describe the simulation setup employed for simulating the
effect of process variation induced timing errors on the performance of ME algorithm.





















Supply Voltage
1.2 V 1.05 V
1.0
1.0
0.14
0.14
0.14
0.14
3.80
4.19
0.57
0.67
0.15
0.16
5.72
6.11
0.48
0.58
0.08
0.09
8.20
9.47
0.51
0.66
0.06
0.07

1.35 V
1.0
0.13
0.13
3.50
0.47
0.13
5.52
0.45
0.08
7.96
0.50
0.06


0.9 V
1.0
0.17
0.17
4.23
0.74
0.17
6.81
0.69
0.10
12.91
0.91
0.07

ability of error due to process variations is higher for the AD
block than for the ripple carry adder. ISR-ANT architecture
is shown to be very effective in correcting for these errors.
3.2. Simulation Setup





3.1. Error Characterization of Arithmetic Units

We characterized the delay distribution of basic gates such
as an inverter, exor, and a full adder due to WID variations
at various values of the supply and body bias voltage combinations ( , ). Monte Carlo simulations using statistical
model files were employed for this purpose. Fig. 5 shows the
normalized delay distributions resulting from the presence of
slow corner with
WID variations at the
. Table 1 shows the mean and the standard deviation of the
, from which we observe that the
normalized delay for
relative delay variations (
) decreases as we move from
the simplest gate (inverter) to a complex gate (full adder). The
relative delay variations was also found to decrease with an
.
increase in the supply voltage
Next, we sample the distribution in Fig. 5 to obtain the
gate delays of a gate level implementation of the conventional
and the ISR-ANT architectures at the
slow process cortimes in order to obtain
ner. This process is repeated
instances of the two architectures. We simulate the conventional and the ISR-ANT architectures using an HDL simulator which operates at the gate-level to determine the output
motion vectors for the three clips. We predicted the current
frame from these motion vectors and the previous frame to
. The
is calculated as
obtain the


The MSAD block employs an absolute difference (AD) block
followed by an accumulator (see Fig. 2(b)). These arithmetic
units are based on least significant bit (LSB) first computation. Therefore, critical path timing violations due to VOS or
process variation will result in errors in the most significant
bits (MSBs). These errors are large in magnitude and hence
severely degrade the performance in terms of
.
The probability of timing errors depends on the path delay
distribution of the architecture and the probability distribution
of the inputs. The delay distributions of an 8-bit AD block and
a 16-bit ripple carry adder are shown in Fig. 4(a). The probability of error for the AD block and the ripple-carry adder are
shown in Fig. 4(b) for uniformly distributed inputs at different process corners due to D2D variations. The x-axis shows
the instance of the slow process due to D2D process variation
in terms of . The supply voltage is kept constant such that
there are no errors at the nominal process corner. We observe
that the AD block and the ripple carry adder exhibit errors
and
of the inputs, respectively, at
slow profor
cess corner. This is because the AD block has greater number
of paths with delays close to the critical path delay than the
ripple carry adder as shown in Fig. 4(a). Therefore, the prob
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where

is the prediction noise power. We set the desired
requirement to be
less than the
of the
error-free conventional architecture.
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are shown in Fig. 6. The mean
and the standard deviation of the output
are tabulated in Table 3. From
Table 3, we can see that the improvement in the mean
is
significant as we increase estimator complexity from
to
, but provides diminishing returns as the estimator
to
. We also note
complexity increases from
that the performance of ISR-ANT decreases as the precision
of ISR-SAD block is reduced from to . Comparing Taincreases but
bles 2 and 3, we observe that the mean
its standard deviation decreases when we use ISR-ANT architecture instead of the conventional architecture. The relative
) in
is reduced by
for the flower
variation (
garden,
for the mobile calendar and
for the football
loss to
, we
clip. Since we want to limit the
choose
,
in the following discussion.














distributions for convenTable 2. Characteristics of
tional architecture on a
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flower garden
21.31
0.49
0.022









mobile calendar
21.95
0.59
0.026

football
23.17
0.39
0.017















































4. SIMULATION RESULTS





















In this section, we present simulation results showing the imof ME using convenpact of delay variations on the
tional and ISR-ANT architectures. Three different video clips
are evaluated: flower garden (low motion), mobile calendar
(medium motion) and football (high motion).
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4.1. Impact of Process Variations on






Each of the
instances of either the conventional or ISRANT architecture will result in a different
. This is
because the path delay distribution and hence the timing violations will be different for each instance. Thus, the
is a random variable and it will have a distribution. The mean
and the standard deviation
of the
for the conventional architecture are tabulated in Table 2. We observe
drops by approximately
for flower garden
that the
and mobile calendar clips and
for the football clip when
compared to the error-free implementation. This drop is quite
significant and results in a noticeable loss in image quality.
distribution for the ISR-ANT
Next, we obtain the
architecture for different values of the subsampling ratio
and the ISR-SAD input precision
. The representative distributions of the
for the conventional
,
)
architecture and the ISR-ANT architecture (
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4.2. Power vs. Performance Trade-off
In this subsection, we present the power overhead of using
for a representative
ISR-ANT and its impact on the
clip (mobile calendar) in the presence of VOS and process
variation induced errors. We compare power consumption of
the ISR-ANT architecture with the conventional architecture.
We simulate the transistor level netlist of the conventional architecture and the ISR-ANT architecture using HSPICE with
random input vectors to obtain the power consumption for
both the architectures at different supply voltage levels. We
employing the procedure described
evaluate the mean
in the previous subsection.
We show a plot of power consumption of the two archifor the mobile calendar
tectures along with the mean
clip in Fig. 7. The first bar shows the power consumed by
the conventional architecture operating under error-free conand are adjusted
ditions on a nominal process die. The
using the mean delay characterization results. We note that
is
for power consumption of
the prediction
at
at the nominal process
corner. The mean performance of the conventional architec
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Table 3. Characteristics of
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distributions for ISR-ANT architecture on a
flower garden
mobile calendar
b=8
b=6
b=5
b=8
b=6
b=5
22.84 22.75 21.75 22.29
22.06 21.85
0.27
0.28
0.67
0.24
0.25
0.51
0.011 0.012 0.030 0.010
0.011 0.023
23.12 22.80 22.19 23.42
23.33 22.07
0.08
0.14
0.36
0.11
0.19
0.49
0.003 0.006 0.016 0.005
0.008 0.022
23.18 23.10 22.29 23.70
23.51 23.05
0.01
0.16
0.4
0.02
0.2
0.3
0.0004 0.007 0.018 0.0008 0.0085 0.013






ture decreases to
for power consumption of
at
at the
slow corner. If the
supply voltage is reduced to
, the
errors occur from process variations as well as VOS. Hence,
the mean performance degrades to
while consuming
of power. If we apply the conventional ABB and
ASV to reduce the gate delays and correct the timing errors
at
then the power consumption increases to
while achieving a mean
of
.
slow process corner and
The ISR-ANT architecture, at
, consumes
with a
of
. Thus, at the same slow process corner, the
of ISR-ANT is comparable to the conventional architecture
while consuming
lower power than the conventional architecture. When process variations and VOS occur simultafrom
to
neously, the ISR-ANT improves the
while consuming an additional
power. Thus,
ISR-ANT technique is able to trade-off power and perforperformance.
mance effectively with robust
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