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Abstract. Approximate computing is an innovative circuit paradigm
for lower power and real time image processing architecture within an
intelligent satellite. Multiplication and addition are often fundamen-
tal functions for many image processing applications. Based on previ-
ous approximate compressor designs, a recursive type multiplier is first
proposed. A reduced gate-level complexity full adder is then proposed.
Extensive simulation results show that the proposed designs achieve sig-
nificant reductions in area, power and delay compared with exact recur-
sive multiplier and adders, as well as other approximate designs found in
the technical literature. An image processing application is performed to
further show that the performance of the proposed approximate designs
for image processing achieves a very good accuracy (measured by the
peak signal to noise ratio) as well as substantial reductions in power
dissipation and delay.

Keywords: Approximate multiplier + Approximate adder + Low
power * Real time - Image processing - Intelligent satellite

1 Introduction

The power consumption and processing speed are the major performance metrics
for on-board image processing architectures within intelligent satellites. These
architectures commonly rely on digital signal processing circuits and various
design techniques are used to reduce their processing power. Approximate com-
puting uses inexact or approximate processing circuits to produce meaningful
results while provide an additional layer of power saving over conventional low-
power design techniques. The simplified and approximate circuits operating at
higher performance and/or lower power compared to their accurate logic coun-
terparts [1], which has been extensively used for error resilient applications such
as image processing [2].
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Fig. 1. Recursive multiplication by dividing multiplier and multiplicand into two parts.

Approximate circuits proposed starting from fundamental components such
as multipliers and full adders [3,4]. A multiplier is designed either in the simple
and popular array configuration [5,6] or in parallel column compression archi-
tecture [7,8]. The latter type of design is frequently used for high performance
due to the shorter delay incurred by the compressors [9,10]. Different designs
of a compressor lead to different architectures for the multiplier [11-14]. Several
approximate schemes have been proposed as applicable to a multiplier [15-20]. In
addition to these methods, several approximate compressors have been proposed
for multiplication [21,22]. [23] uses the simple recursive multiplication technique
which has also been used in this paper.

In terms of approximate adder design, [24] simplifies a single adder cell by
removing transistors from a mirror adder (AMA). In this paper, multiplexer-
based approximate adder designs are proposed and the multiplexer designs utilize
transmission gates (TG) due to the low power dissipation than a conventional
CMOS multiplexer.

An image processing application using previously proposed approximate com-
pressors, multipliers [25] and TG based approximate adders are considered, the
analysis and simulation results show that the proposed approximate designs for
both the multiplier and adder are viable for approximate computing.

2 Proposed Approximate Designs

2.1 Approximate Multiplier Design

An alternative approach for designing a multiplier is to use recursive multiplica-
tion as shown in Fig. 1. Recursive multiplication splits input into two parts, i.e.
Ap(Bg) and Ap(Br); then perform multiplications as Ay By, AgBr, ALBg
and Ay Byp; finally four terms are added. The designs studied in this paper are
shown in Table 1.

2.2 Approximate Adder Design

An alternative approach to implement complex logic is to use a logic network of
switches, such as a multiplexer. Multiplexer logic can be accomplished by using
either gate or transistor level designs. Conventional gate level multiplexers use
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Table 1. Design features of approximate 8 x 8 multipliers.

Multiplier design | Features

M1-M3 Multipliers M1-M3 in [1]

M4-M6 ACCI1-ACCI3 [1] compressor based 4 X 4 multiplier for Ay By, A, By, Ay By, only
Multiplier [2] Lower 8 columns use compressors shown in [2]

Multiplier [3] Inaccurate counter [3] based multiplier

Mul_Acc Accurate compressor based recursive 8 X 8 multiplier

Fig. 2. TG based one bit accurate full adder.

complex gate structures, thus transistor level designs that include compounded
logic and transmission gates are better alternatives.

[26] has shown that a TG based full adder exhibits good power and delay
performance with a simpler circuit. Figure 2 shows an accurate TG-based full
adder and this implementation is based on TGs and several inverters; the designs
of approximate adders require either the removal of some modules, or changing
signals for generating Sum or C,y,;. Moreover, in the proposed approximate
adders, TG based multiplexers are frequently used due to the simple structure.

Figure 3 and Fig. 4 show the proposed approximate adders (denoted as
APA1-2). The feature common is the modification of the first module XOR
gate, so reducing the node capacitance and lowering the power dissipation by
using only one conventional XOR gate for a reduction in delay and power.

LT

MUY

Fig. 3. TG based approximate adder APAT1.
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Fig. 4. TG based approximate adder APA2.

In one bit accurate adder, there are six cases when Sum = C,,;, thus an
option is to keep C,,; accurate and use an inverter after C,,; to generate the
Sum signal. Its logic expressions are given as:

Sum=(X®Y)C;, + XY (1)

Cout = (XaY)Cip, + XY (2)

In APA1 the carry signal C,,; is accurate while in APA2 C,,; is modified.
The error rate is four cases out of eight for combination of C,,; and Sum, which
is higher than APAI.

Sum = (X®Y)Cyy, + XY (3)

Cout =X (4)

3 Simulations Results

3.1 Metric for Approximate Design

Several metrics are introduced to quantify the effects of errors in an approximate
design, including normalized error distance (NED) [2], pass rate (PR) [2] and
accuracy of amplitude (Accamp) [22]. NED is defined as the mean absolute error
over maximum value of the error. The pass rate is the ratio of the number of
correct outputs over all outputs. Accem,p is defined as:

AbsoluteError

_ [osotuterror 5
|T65Ult00Trect ‘ ( )

Accomp =1

resulteorrect 18 the correct result for a certain input combination.

3.2 Approximate Compressor Based Recursive Multipliers

[25] has assessed both accuracy and electrical performance for M1-M3, hence in
this subsection only recursive approximate multipliers using approximate com-
pressors in [25] are simulated. The proposed approximate multipliers are sim-
ulated for an 8 x 8 recursive multiplication scheme. Delay, power consumption
and area are investigated for these approximate designs compared to an exact
multiplier using a recursive multiplication scheme with accurate compressors.
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Table 2. Comparison of 8 x 8 multiplier for different approximate compressors based
recursive multiplication.

Multiplier design | Power (uW) | Delay (ns) | Area (um?)|NED (10~%) | PR (%) | Accamp (%)
M4 164.98 3.06 782.08 0.16 98.88 99.99
M5 165.67 2.92 775.84 1.56 89.7 99.86
M6 161.98 2.83 764.92 2.42 84.38 99.81
Mul_Acc 179.76 3.14 836.68 N/A N/A |N/A

As discussed previously, Ay By, AgBr, Ap By utilize approximate compressor
based multipliers, while an accurate 4 x 4 multiplier is used for Ay By.

The proposed approximate multipliers are simulated for an 8 x 8 multiplica-
tion Dadda tree. Delay, power consumption and area are investigated for approx-
imate designs compared with an exact multiplier. Table 2 shows the comparison
for these circuit based metrics and accuracy analysis. M6 has the least values
for power, area and delay while a poor accuracy.

3.3 TG Based Approximate Adder

In this subsection, comparison with AMAs is presented for single APA in terms
of accuracy and power, delay. Simulation is performed using Cadences Ultrasim
simulator in STMicroelectronics 65 nm process, for which 1.0V is used as the
standard supply voltage (Vdd). A load of four standard Inverters is utilized, but
its energy consumption is uncounted for in the evaluation of all adders. Inputs are
provided by independent voltage sources. Since some inputs drive the outputs,
the energy provided by the input signals is included in the simulation results. A
comparison of each approximate design and the accurate full adder is pursued
with respect to power consumption, delay and power delay product (PDP). All
possible 64 transitions for different input combinations are considered for power
and delay measurement. The delay is calculated from the input Cj;, to output
Clout since it would propagate within a RCA; the value in the table is largest value
under 64 transitions. AMAs in [24] are also included as a comparison reference.
The NED is obtained by using an 8-bit RCA with all APAs. The results are
shown in Table 3.

In terms of power, APA2 has the least power. AMA3 has the lowest value
with 2.992uW within AMAs. However, AMA3 has a larger MED/NED than
APA2.

In terms of delay, since APA2 is using input as output, the carry in-carry
out delay is considered to be zero. For AMA1-3, they have similar delay within
which AMAT1 has largest delay; APA1 has the largest delay as more than 0.2 ns.

In terms of PDP which is the product of delay and power. Surprisingly APA2
has the least value as 0. The reason is obvious that the carry in-carry out delay
is 0, thus there is no carry chain for APA2. While for AMAs, AMA4 has the
least value. In a general conclusion, AMA4 is a better design within AMA4 with
acceptable MED/NED and PDP.
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Table 3. Simulation results for various approximate adders. Metrics of NED/MED are
obtained by using an 8 bit RCA; power and delay is obtained for single approximate
adder design.

Adder design | MED | NED | Cou: delay (ns) | Power (uW) PDP (fJ)
APA1 90.55 | 0.3537 | 0.206 3.971 0.794
APA2 63.99 10.25 |0 2.883 0

AMA1 17.39 1 0.068 |0.138 3.423 0.475
AMA?2 90.55 | 0.3537 | 0.133 3.230 0.431
AMA3 74.31 1 0.2895 | 0.125 2.992 0.375
AMA4 33.120.1294 | 0.071 3.525 0.252

3.4 Comprehensive Comparison

This section discusses a new metric for a fair comparison by considering power
dissipation, area and delay as well as accuracy. The Power, delay and area prod-
uct (PDAP) is defined as:

PDAP = power x area * delay (6)
The normalized PDAP for a group of designs is then defined as:
NPDAP; = PDAP;/max{PDAP;} (7)

where j denotes the design in the group with the largest value of PDAP; the
design group includes M1.4, M2_6, M3_6, M4-M6, and the designs in [21] and
[22]. The Normalized NED is defined in a similar manner, i.e.,

NNED; = NED;/maz{NEDy} (8)

Note that NNED; and NPDAP; relate to the same design ¢ but the normal-
ization is different, because the maximum values can occur in different designs
(i.e. j and k). In this paper, the design of [22] has the highest value of PDAP
and the highest value of NED. Figure 5 shows the NNED vs. NPDAP plot for
approximate multipliers; so the design with the smaller NNED and NPDAP is
the better design among the comparison set according to Pareto Front, i.e. near-
est to the origin in Fig. 5. The best design is M6 with desirable position from
origin.
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Fig. 5. Normalized NED vs. Normalized power*delay*area for approximate multiplier
designs.

4 Image Processing Architecture Design

This section presents an image processing application using the proposed approx-
imate multipliers, adders and approximate multipliers M1-M3 in [25]. An image
sharpening algorithm is considered; image sharpening is functionally imple-
mented in Verilog. The compressed image quality is measured by the peak signal
noise ratio (PSNR).

The image sharpening is a Gaussian smoothing based image filter and the
algorithm performs as [27]:

S(l‘,y) =

1
2x1(z,y) - ﬁ&z:

2 , , S (9)
X5 oG+ 3,5+ 3) (v — i,y — i)

where I and S are original and processed image; G is a matrix given as:

14741
41626 16 4

G=|72641267 (10)
41626 16 4
14741

This algorithm is implemented in Verilog to build the whole architecture as
shown in Fig. 6. Input and output signals are connected with registers. The
components are identical apart from the multiplier and adder in Fig. 6.

Five images are selected for the sharpening algorithm executed using different
approximate multipliers and adders; these images are selected, because they show
features commonly found in multimedia applications; the corresponding PSNR
and NED values are then measured.
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Fig. 6. Architecture of image sharpening algorithm.

4.1 Approximate Multiplier Based Image Sharpening

Two of the five processed images are shown in Figs. 7 and 8; also, the ranking
of PSNR values are very close for those five images when processed by the same
approximate design. When compared to the accurate results, all approximate
designs (except the multiplier of [22]) produce images whose quality degradation
is not perceived by human eyes. The images generated by the multiplier of [22]
show areas of low quality (indicated by bold circles). For M4, for the example
images, the PSNR is infinite, meaning no errors for M6 for the processed example
images.

Table 4 also gives the NED and PSNR values for these two images. Table 4
shows that all approximate multipliers achieve PSNR values higher than 30dB;
the approximate multipliers in [25] and proposed in this manuscript show a
better image quality in terms of PSNR values than the two designs of [21] and
[22]. The PSNRs of the output images generated by M2_6, M3_6 and M5, M6
reaches above 47dB, a high value that is acceptable by most applications.

4.2 Approximate Adder Based Image Sharpening

In this algorithm, addition is performed by the approximate adders proposed
in this paper while for other operations, i.e., multiplication, subtraction and
division all use accurate operations.

The sharpening algorithm executed using different approximate adders and
the corresponding PSNR, and NED values are then measured. For this algo-
rithm, a 16 bit approximate adder is used, because the maximum possible sum
is 255* 273, i.e. approximately 2!6 — 1. Case when lower 8 LSBs using approx-
imate adders and higher MSBs using accurate adders are considered for the
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Fig. 7. Image sharpening results for Image 1: (a) original image, (b) using an accurate
multiplier, (¢) using multiplier of [21], (d) using multiplier of [22], (e) using M1.4, (f)
using M2_6, (g) using M3_6, (h) using M4, (i) using M5, (j) using M6.

Fig. 8. Image sharpening results for Image 2: (a) original image, (b) using an accurate
multiplier, (c¢) using multiplier of [21], (d) using multiplier of [22], (e) using M1_4, (f)
using M2_6, (g) using M3_6, (h) using M4, (i) using M5, (j) using M6.

comparison. Table 5 shows the PSNR and NED for the example image, and it is
easy to see when the approximate RCA with APAs has smaller NED, and then
it would have better PSNR, i.e., image quality.
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Table 4. Comparison using different Dadda tree multipliers based on inaccurate com-
pressors for image processing.

Image 1 Image 2

Multiplier design | PSNR, (dB) | NED (107°) | PSNR, (dB) | NED (10~°)
Multiplier [1] 35.61 5.18 35.97 4.90
Multiplier [2] 32.27 7.27 35.60 3.02

M1 .4 66.06 0.029 66.17 0.029

M2.6 47.72 0.936 52.17 0.46

M3.6 47.98 0.892 52.31 0.44

M5 49.52 0.64 56.03 0.18

M6 49.35 0.68 54.84 0.23

Table 5. Comparison using different adders for image sharpening.

Image 1 Image 2
Multiplier design | PSNR, (dB) | NED (107*) | PSNR, (dB) | NED (10™*)
APA1 45.31 0.136 45.39 0.132
APA2 43.09 0.17 43.37 0.16

5 Conclusion

Approximate computing is an innovative paradigm for error-resilient arithmetic
circuits, because it offers significant advantages for design. In this paper, pre-
viously proposed compressor designs are utilized to design recursively based
approximate multipliers and two transmission gate based approximate adders
are proposed, which are assessed for both accuracy and electrical performance.
The following conclusions are drawn from the extensive simulation presented in
this paper:

(1) M4 has the least value of NED and best value of PS and Accgmyp, hence it
has the best accuracy.

(2) By performing power delay and area product (PDAP) to indicate the utiliza-
tion of resource and (PDAP vs. NED), M6 shows that it is a good candidate
for approximate multiplication with lower power/area/delay and high accu-
racy requirements.

(3) When considering all metrics, generally M6 is the best approximate 8 x 8
multiplier.

(4) Animage processing application by using design in [25] and proposed designs
show that all proposed approximate multiplier design produce better quality
images than the multipliers of [21] and [22] and M6 has the good image
quality qualified by the PSNR while has the lower PDAP.
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(5) The above proposed designs achieve lower power and faster processing speed
than traditional image processing architecture, which can be potentially
used in on-board in an intelligent satellite.

6 Discussion

This section discusses the relation of this paper to prior work. Compared to pre-
viously published work, this work extends the purely array based multiplier into
recursively based multiplier. Recursive multiplier has flexible ability to adjust
configuration of accurate and approximate computation, hence approximate mul-
tiplier with varying accuracy is easy to obtain. Moreover, only [23] has proposed
recursive multiplier hence this work also extends this type of approximate multi-
plier designs. This paper also applies the designs to real image processing appli-
cation compared to previous work [25]. The proposed image processing architec-
ture could be used on-board within the satellites to achieve low power and high
processing speed.
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