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field-effect transistor (FInFET) technology, as one of the leading commercial
technologies, is utilized to simulate the proposed multipliers in the HSPICE’
environment. The simulation results indicate that the proposed imprecise
multipliers show significant improvements regarding transistor count, delay,
power, and power-delay product as compared to their state-of-the-art impre-
cise and exact counterparts. Along with the superior hardware efficiency, the
MATLAB simulations demonstrate that the proposed multipliers also provide
reasonable levels of accuracy. Moreover, a figure of merit (FOM) considering
hardware efficiency and output quality is considered in order to evaluate the
multipliers comprehensively. The FOM simulation results indicate that the
proposed imprecise multipliers make a significant trade-off between hardware
efficiency and quality for approximate-computing applications dealing with
image multiplication.
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1 | INTRODUCTION

Over the past few decades, the huge progress in shrinking the size of the complementary metal-oxide-semiconductor
(CMOS) technology has successfully lead to high-performance digital circuits. However, miniaturization of the size of
the CMOS transistors to compact the very large-scale integration (VLSI chips) has imposed many serious concerns.
These concerns such as drain-induced barrier lowering (DIBL), high leakage currents, high power density, and reliabil-
ity issues have restrained the functionality of the nanoscale circuits and systems."* Many solutions from the device level
to the system level have been proposed to cope with these challenges.

From the system-level aspect, in many areas such as artificial intelligence, machine learning, and image processing,
where a certain level of inaccuracy is tolerable mainly due to the error resilience of the human brain and visual system,
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approximate computing has been introduced.** In the realm of the VLSI universe, approximate computing has become
a hotspot in a diverse range of applications, where the computation preciseness takes second place after energy con-
sumption. Therefore, to address the challenges mentioned above in deep nanoscale error-tolerant VLSI applications,
approximate computing can be considered in various design levels of abstraction.”>”

Various silicon and nonsilicon channel-based transistors have been developed to pave the way for device scaling
beyond Moore's law.** The FinFET device with higher controllability over the gate region, improved Ioyn/Iopr ratio,
mitigation of the threshold voltage variations by the elimination of the random dopant fluctuations, and the possibility
of successful scaling to sub-10-nm technology nodes has been raised as a groundbreaking candidate for representing
high-performance ultrascaled VLSI circuits and systems.'***

Arithmetic blocks such as adders and multipliers are the most essential building blocks of the digital microproces-
sors and microsystems. Multipliers are one the most power-hungry units, which directly influence the overall perfor-
mance of the computing systems. Therefore, utilizing approximate computing methods can significantly improve the
performance of the multipliers regarding power consumption, speed, and transistor count.*>*”

Typically, multiplication is commenced by generating partial products with an array of AND gates. This process is
followed by the reduction of the partial products and then the final summation for computing the final results. Among
these stages, partial product reduction is the most fundamental step, which has a significant contribution to the overall
energy consumption, latency, and hardware complexity.’® In an imprecise multiplier, partial product reduction can be
realized through approximate compressors. Utilizing low-complexity and energy-efficient compressors with an ade-
quate level of accuracy can remarkably enhance the entire performance of the multipliers, especially in error-resilient
applications such as image processing.'®?

In this study, ultraefficient imprecise multipliers utilizing innovative approximate 4:2 compressors to reduce the
design complexity and energy dissipation are proposed. The first proposed approximate 4:2 compressor uses only eight
transistors and significantly reduces the energy dissipation. The second proposed approximate 4:2 compressor has
24 transistors and offers a higher level of accuracy. The combination of these approximate compressors provides supe-
rior enhancements regarding the delay, power, energy, and design complexity for the proposed multipliers. Along with
the extraordinary hardware performance characteristics, the proposed imprecise multipliers show promising precision,
which makes them very suitable for image-processing applications. The electrical performance metrics of the approxi-
mate multipliers are investigated through HSPICE® simulations using 7-nm FinFET technology, while the accuracy
and quality metrics are calculated in the MATLAB environment. These metrics reveal that our proposed designs make
a superior trade-off between the hardware efficiency and quality metrics for approximate computing.

The remainder of this paper is organized as follows: Section 2 briefly reviews the backgrounds of the research. The
proposed designs are described and discussed in Sections 3 and 4. The comprehensive simulation results and compari-
sons are presented in Section 5. Finally, the main results are highlighted in Section 6.

2 | BACKGROUNDS
2.1 | FinFET technology

Over the past decades, planar MOSFETs had laid the groundwork in the design and manufacturing of the high-
performance circuits and systems down to 22-nm feature size. However, with the emersion of various intensive short
channel effects, the advantages of these transistors have gradually dwindled. The multigate FinFET device as a leading-
edge technology has been the focal point of the semiconductor industry owing to a higher Ion/Iopr ratio, better sub-
threshold characteristics, fascinating carrier mobility, and ease of integration with the commercial techniques.zl’22

The schematic of the tri-gate FinFET is shown in Figure 1. The ON current of FinFET can be expressed by the
following®?:

2Hpin + T a
ION:kNFin$(VGS_VT) ’ (1)
g

where k is a fitting constant parameter, « is the velocity saturation index, Vgs is the gate-source voltage, Vr is the device
threshold voltage, Ny, is the number of fins, and Hg;, and Tg; are the height and thickness of the fins, respectively,
which are assumed to be constant due to fabrication related issues.
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TABLE 1 Some of key parameters for 7-nm FinFET technology node**
Device parameter Value
Fin thickness (Tg;) 6.5 nm
Fin height (Hg;,) 32 nm
Physical gate length (L) 21 nm
Fin pitch (Pgiy) 27 nm
Equivalent oxide thickness (EOT) 1 nm
Body doping (Npoay) 10 cm 3
Doping of the source/drain region (Ngq) 2%x10% cm™3
Low field mobility of n-type (p-type) device 250(210)cm?/V.s

FIGURE 1 Schematic of the FInFET transistor [Colour figure can
be viewed at wileyonlinelibrary.com]

In this work, the 7-nm FinFET technology is utilized as the platform for our demonstrations in the Synopsys
HSPICE" tool. Table 1 indicates some of the critical parameters for the 7-nm FinFET transistors. More details about this
model can be found in previous studies.>**

2.2 | 4:2 compressor

Multiplication is one of the most vital operations in VLSI arithmetic circuits and systems. Partial product reduction is a
critical phase in a multiplier and has a significant impact on its performance. Compressors can be considered as effi-
cient building blocks for partial product reduction. The fundamental schematic of a 4:2 precise compressor is shown in
Figure 2, which can be realized by two full adders. In a 4:2 compressor, there are four main inputs (x;, x,, X3, and x,)
and two main outputs (carry and sum). Moreover, an extra carry input (C;,) comes from the previous stage with a lower
order, and a carry output (Coy) is fed to the next stage with a higher order.

The Boolean function of a conventional 4:2 exact compressor can be described as follows"?:

Sum = x1@x,®x3Dx4DCin, (2)
Carry = (X1 @x,@x3®x4) - Cin + (X1 DX2DX3DXs) - Xa, (3)
Cout = (X1Bx2) - X3 + (X1Dx2) - X1. (4)

2.3 | Related works

Approximate computing has revolutionized the performance of the arithmetic blocks in different design levels of
abstraction. Approximate compressors can be employed to enhance the efficiency of multipliers, which are among the
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X X, X3 Xy FIGURE 2 The general schematic of a 4:2 exact compressor [Colour figure can be
_T _t _T Y viewed at wileyonlinelibrary.com]|
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most power-hungry units in VLSI chips. Various imprecise multipliers have been suggested to restrain the energy con-
sumption and maintain a reasonable level of accuracy.

Momeni et al. demonstrated two scenarios for designing imprecise 8-bit Dadda multipliers.'® These imprecise multi-
pliers were developed based on two approximate 4:2 compressors realized with NOR and XNOR logics. These 4:2 com-
pressors can be effectively demonstrated by 28 and 26 transistors. However, the second structure, which neglects the
input and output carry (Cj, and C,y,), is more efficient regarding the accuracy and performance metrics.

To make a trade-off between preciseness and performance metrics, Akbari et al proposed a dual-quality architecture
for 4:2 compressors that can work in both exact and approximate fashions during execution.?® At the transistor level,
the DQ4:2C4 design as the most effective component of this work can be realized by 26 transistors.

To reduce the error rate (probability) of the approximate multipliers, Gorantla et al. investigated five scenarios to
demonstrate efficient imprecise multipliers based on approximate compressors.”” Despite reducing the error rate, these
structures require high numbers of transistors, which degrades the electrical characteristics. The most efficient approxi-
mate 4:2 compressor proposed in Gorantla®” requires 30 transistors to be realized at the transistor level.

Venkatachalam et al. presented imprecise multipliers based on approximate compressors using the OR logic along
with the XOR gates to lower the switching activity factor and, thereby, the total power consumption.®® At the transistor
level, Venkatachalam's compressor can be designed by 36 transistors.

By modifying the truth table of the approximate 4:2 compressor presented by Yang et al,® Ha and Lee proposed an
imprecise multiplier based on a 30-transistor approximate 4:2 compressor realized with XOR and AND-OR logics.*®
Ansari et al. proposed efficient imprecise multipliers using an AND-OR logic-based imprecise 4:2 compressor, which
consists of 20 transistors.*" Intending to utilize higher-order approximate compressors, Esposito et al. demonstrated an
innovative imprecise multiplier to make an effective trade-off between the performance and accuracy metrics.**

Reddy et al. proposed a modified Dadda imprecise multiplier.®* This effective imprecise multiplier utilizes a
multiplexer-based approximate 4:2 compressor, which can be realized with 30 transistors.

Ahmadinejad et al. proposed two imprecise multipliers based on approximate 4:2 and 5:2 compressors, which can be
implemented with 16 and 20 transistors.”’ Moreover, Sabetzadeh et al. suggested an imprecise multiplier for image
multiplication.? The majority logic-based approximate compressor used in this multiplier is realized with 12 transistors.
Edavoor et al demonstrated an effective approximate multiplier design based on 30-transistor dual-stage 4:2
compressors.>*

3 | PROPOSED 4:2 APPROXIMATE COMPRESSORS
3.1 | The first proposed 4:2 compressor (8T4:2)

The truth table of the first proposed 4:2 approximate compressor is given in Table 2. In the proposed design, the Cy,
and C,,, signals are neglected as a practical approach for reducing design complexity.'® As shown in Table 2, the sum

RIGHTS L

95UB01 7 SUOLUWIOD aA11e81D) 3ol dde ay) Aq peuenob ae ool VO 85N JO o[l 1oy Akeld1T8UIIUQ AB]1M UO (SUONIPUOD-PUB-SWIR)ALI0Y"AB | 1M Afe.d 1 jBul [Uo//Sdiy) SUOTPUOD pue SWie 1 8y} 88S *[#202/TT/70] uo AreiqiTauluo A3(1Mm euelijodo.ns N BWoUOINY pepsieAIuN Aq 9/827€10/Z00T OT/I0p/AL0d" A3 1M AlelqjulJuO//SANY Woij pepeoiumod ‘T ‘TZ0Z ‘XL00.60T


http://wileyonlinelibrary.com
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fcta.2876&mode=

KHALEQI QALEH JOOQ ET AL. Wl LEY. 173
TABLE 2 The truth table of the first proposed approximate 4:2 compressor
X4 X3 X5 X1 Carry Sum ED
0 0 0 0 0 0 0
0 0 0 1 0 0 -1
0 0 1 0 1 0 +1
0 0 1 1 1 0 0
0 1 0 0 1 0 +1
0 1 0 1 1 0 0
0 1 1 0 1 0 0
0 1 1 1 1 0 -1
1 0 0 0 1 0 +1
1 0 0 1 1 0 0
1 0 1 0 1 0 0
1 0 1 1 1 0 -1
1 1 0 0 1 0 0
1 1 0 1 1 0 -1
1 1 1 0 1 0 -1
1 1 1 1 1 0 -2

output is considered to be “0,” and the carry output utilizes only three of four inputs (x,, x3, and x,). In the approximate
compressors, error distance (ED) is defined as the difference between the wrong and correct outputs.

As an example, in Table 2, when the input is “1,110” the decimal summation of these inputs is 3. However, the
resulted approximate output for this input combination in the proposed 4:2 compressor is “10,” which corresponds to
the decimal value of 2. Therefore, the error distance for this input combinations is ED=2—3= —1. In the proposed
approximate compressor, the small EDs with opposite signs (+1 and -1) can decrease each other's impact to some extent
in the structure of the imprecise multiplier.**

In the binary multipliers, AND gates are utilized to generate partial products. As a result, assuming that the inputs
of the multiplier are distributed uniformly,*® the probability that a partial product equals “0” (“1”) is 75% (25%). There-
fore, the error contribution for the “1,111” input combination is (1/256 = 0.39%), and the ED of -2 does not produce a
considerable error in the output of our imprecise multiplier.

Based on Table 2, the Boolean functions of the proposed approximate 4:2 compressor can be expressed as follows:

Sum=0, (5)
Carry=Xx,+x3 +X4. (6)

The schematic of the first proposed approximate 4:2 compressor is shown in Figure 3. According to Equations (5)
and (6), the proposed design is a 3-input OR gate, which can be designed with only eight transistors. This ultracompact
structure can remarkably reduce the power consumption, transistor count, and the propagation delay of the imprecise
multiplier, while providing an acceptable output quality as compared to the previous related works.

3.2 | The second proposed 4:2 compressor (24T4:2)

The aim of the first proposed ultracompact 8-transistor approximate 4:2 compressor is to provide a superior simplicity
and ultraenergy-efficient operation along with a reasonable accuracy for some imprecise applications. In designing
imprecise multipliers, an effective approach to offer higher accuracy is to utilize compressors with higher accuracy for
the bits of higher significance.>**! Exact compressors can be served to compensate the error in approximate multipliers.
However, they cost more hardware overhead and higher energy dissipation. Therefore, using semiaccurate approximate
4:2 compressors can be considered as a more efficient solution to enhance the accuracy along with having a lower
impact on the electrical characteristics of the imprecise multipliers. Accordingly, we propose another approximate 4:2
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compressor with a higher accuracy to be utilized in the columns of higher significance in the imprecise multipliers for
the approximate applications, where a higher level of accuracy is desired.

The truth table of the second proposed approximate 4:2 compressor is shown in Table 3. As shown in Table 3, the
second proposed approximate compressor has three “+1” and three “-1” error distances. It is noteworthy that the erro-
neous outputs with opposite error distance signs (such as -1 and +1) can decrease the effect of each other in the multi-
plier structure and can lead to lower output quality degradation.
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Based on the truth table, the output equations for the second approximate 4:2 compressor are given by the following:

Sum = (X3 +X4) + (01Dx3) = (X3 +X4).(x1Dx3), (7)

Carry=(x1 +Xx3).(X3 +X4). (8)

Figure 4 illustrates the circuit schematic of the second proposed approximate 4:2 compressor, which has 24 transis-
tors. One can observe that the higher accuracy of the second approximate compressor is achieved by the penalty of a
higher number of transistors (24 transistors vs. eight transistors). However, it is notable that the number of transistors
is still lower enough than the exact compressor (38 transistors). To implement the XNOR function, the 6-transistor full-
swing transmission gate-based XNOR gates®’ are used to reduce the number of transistors. It is notable that to have fair
comparisons, this efficient structure is also used for the previous designs, including XOR and XNOR functions. It is also
worth mentioning that as the output of the XNOR gates are connected to a CMOS gate in the proposed structure, the
transmission gates will not be cascaded in the reduction tree of the imprecise multiplier.

4 | PROPOSED IMPRECISE MULTIPLIERS

In this section, we propose two imprecise Dadda multipliers based on the proposed approximate compressors. The par-
tial product reduction circuitries of the proposed inexact multipliers are shown in Figure 5. The partial products are
generated using an array of CMOS AND gates. Then, the partial products are reduced using conventional CMOS half
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FIGURE 4 The second proposed approximate compressor:

(A) sum circuit (B) carry circuit
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FIGURE 5 The proposed 8-bit imprecise

1 Dadda multipliers. (A) The first proposed design
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adder and mirror full adder cells®® as well as the proposed compressors in two stages. Subsequently, in the final stage, a
ripple carry adder (RCA) stage based on the mirror CMOS full adder®® generates the final products. The four least-
significant columns of the partial products are truncated to simplify the hardware implementation and reduce energy
consumption with a negligible effect on the preciseness.*!

To offer a significant hardware efficiency, the first proposed imprecise multiplier (PM1) (see Figure 5A) utilizes only
the 8T4:2 compressor. However, to compensate efficiency for accuracy, the second proposed imprecise multiplier (PM2)
(see Figure 5B) utilizes the 24T4:2 compressor in some of the highly significant columns.

Due to the elimination of one of the inputs (x;) in the proposed 8T4:2 approximate compressor, some of the
partial products in the ultra-approximate columns (denoted with white circles in Figure 5A,B) are not involved in
the multiplication process. Therefore, there is no need to generate these partial products, which leads to the elimi-
nation of eight and seven AND gates from the first and second proposed imprecise multipliers, respectively. More-
over, due to considering “Sum = 0” in the proposed 8T4:2 approximate compressor, some of the inputs of the
second stage are not generated (equals to “0”). According to this extraordinary feature, some of the full adder
blocks in the RCA stage are removed, which has a significant impact on the total delay and power consumption of
the multiplication process.
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5 | PERFORMANCE EVALUATION

In this section, by performing comprehensive simulations, first, we benchmark the electrical performance of the pro-
posed imprecise Dadda multipliers through evaluating various design metrics such as critical path delay, power con-
sumption, transistor count, power-delay-product (PDP), and energy-delay product (EDP). It is noteworthy that because
of the almost equal electron and hole mobilities in FInFETSs as well as the circuit complexity and power dissipation con-
cerns, we use single-fin transistors for the circuit-level demonstrations. The mean error distance (MED) and normalized
mean error distance (NED) metrics are calculated by the MATLAB simulations. Finally, to investigate the functionality
of the proposed imprecise multipliers in the related practical applications, we consider image multiplication and sharp-
ening as two critical operations in the image processing applications. The quality metrics are evaluated and compared
for these applications.

5.1 | Hardware analysis

In this section, we benchmark the circuit-level performance of the proposed imprecise 8-bit Dadda multipliers. For this
purpose, the Synopsys HSPICE® tool and the 7-nm FinFET technology described in Section 2 are used. Moreover, the
supply voltage of 0.7 V and the operational frequency of 2 GHz are considered for the simulations. To have fair compar-
isons, the previous related works are designed efficiently based on the details given in the corresponding references at
the transistor level using the 7-nm FinFET technology. Furthermore, we utilize the efficient 38-transistor exact 4:2 com-
pressor presented in Arasteh et al*® as the building block of the precise Dadda multiplier. The four least-significant col-
umns are truncated for all of the approximate multipliers. For more clarity, Table 4 gives the specifications of the
previous imprecise multipliers under investigation. We use input buffers and fan-out-of-four (FO4) inverters as loads to
evaluate the worst-case critical path propagation delay. Moreover, long streams of random input combinations with full
switching activity are generated and used as stimuli to assess the power dissipation of the multipliers.

The performance metrics of the proposed designs and their state-of-the-art counterparts are given in Table 5. Based
on the results, the first proposed imprecise multiplier shows superior improvements regarding transistors count (51%),
delay (61%), power (59%), PDP (83%), and EDP (93%) as compared to its counterparts. Despite the relative increase in
the electrical metrics due to the use of 24T4:2 compressors for accuracy compensation, the second design demonstrates
on average 44%, 49%, 54%, 76%, and 88% improvements regarding transistor count, delay, power, PDP, and EDP, respec-
tively, as compared to the M1-M12, M14, and exact multipliers. It can be concluded from the results that utilizing the
first ultracompact approximate compressor in the proposed multipliers significantly reduces the number of transistors
and provides a remarkable simplicity at the partial product reduction stage. Accordingly, by eliminating some of the full

TABLE 4 Descriptions for the previous multipliers under investigation

Multiplier Specifications

M1 Dadda imprecise multiplier based on the compressor of Momeni et al*®

M2 Dadda imprecise multiplier based on the DQ4:2C4 Akbari et al*®

M3 Dadda imprecise multiplier based on the compressor of Gorantla®’

M4 Dadda imprecise multiplier based on the compressor of Venkatachalam and Ko

M5 The imprecise multiplier proposed in Venkatachalam and Ko®®

M6 Dadda imprecise multiplier based on the compressor of Ha and Lee°

M7 M8_1 multiplier proposed in Ansari et al*!

M8 M8_2 multiplier proposed in Ansari et al*!

M9 Dadda imprecise multiplier based on the compressor of Ansari et al!

M10 2StepTrunc multiplier proposed in Esposito et al*?

Mi11 Modified Dadda imprecise multiplier proposed in Reddy et al**

M12 Mul_2 multiplier proposed in Ahmadinejad et al**

M13 Dadda imprecise multiplier based on the compressor of Sabetzadeh et al®

M14 Dadda imprecise multiplier based on the compressor of Edavoor et al**
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TABLE 5 Performance comparison of the multipliers
Transistor Critical path delay Power PDP EDP

Multipliers count (ps) W) ) (fIxps)
PM1 532 88.1 4.08 0.36 32
PM2 646 120.7 5.01 0.6 73
M1 1,104 222.4 9.32 2.07 460
M2 1,104 222.6 10.11 2.25 501
M3 1,168 2329 11.82 2.75 640
M4 1,264 236.5 10.81 2.56 605
M5 1,112 235.1 10.02 2.36 554
Mé6 1,168 244.1 11.78 2.88 703
M7 1,248 239.7 13.50 3.24 776
M8 1,206 239.7 12.07 2.89 693
M9 1,008 239.8 8.80 2.11 506
M10 1,180 236.5 10.74 2.54 601
M11 1,248 246.9 12.92 3.19 788
M12 920 221.8 7.40 1.64 364
M13 642 137.2 4.91 0.67 92
M14 1,168 229.4 11.18 2.56 587
Exact™ 1,530 252.8 18.80 4.75 1,201

adder blocks in the third stage, a significant reduction in the delay, power, and energy dissipation is achieved. More-
over, utilizing the second proposed approximate 4:2 compressor for only the highest significant bits to improve the out-
put accuracy does not lead to a considerable degradation in the delay and power consumption thanks to the
remarkable simplicity provided by the first proposed 4:2 compressor.

5.2 | Accuracy simulations

This section investigates some of the critical error metrics to benchmark the accuracy of the imprecise multipliers. The
accuracy simulations are carried out using the MATLAB software. The accuracy of the final results can be evaluated by
introducing fundamental error metrics such as mean error distance (MED) and normalized mean error distance (NED),
error rate (ER), and mean relative error distance (MRED). The MED metric is defined as the average error distance over
all of the possible input combinations of an imprecise multiplier. The NED metric is defined as the mean error distance
normalized by the maximum error. Error rate is calculated as the probability of producing an incorrect output. Further-
more, MRED is the average value of all possible relative error distances. More details about these accuracy metrics can
be found in previous studies.*"*’

Table 6 shows a comparison between the accuracy metrics of the imprecise multipliers under investigation. The
error metrics are obtained by considering all the possible input combinations for the 8-bit multiplier (28 x 2% = 65,536).
Utilizing the 24T4:2 compressors for the high-significant bits of the second proposed multiplier significantly reduces
the MED and NED (about 1.77 times) metrics as compared to the first proposed design. Moreover, the M1 and M13
multipliers show the greatest MED and NED values in comparison with the other designs due to the existence of wrong
outputs corresponding to the “0000” input combination in their approximate 4:2 compressors. Besides presenting fabu-
lous hardware characteristics, the second proposed imprecise multiplier also shows better MED an NED values as com-
pared to M1, M5, M8, M13, and M14. In terms of MRED metric, M1 and M13 show the worst performance, followed by
the first and second proposed designs. However, it should be noted that the approximate applications that deal with the
human senses MED and NED metrics, which are defined as the difference between the exact and inaccurate results,
are more important than MRED metric that is based on the relative error distance.” Regarding the ER metric, as the
four least-significant columns of the partial products are truncated, all the approximate designs show relatively high
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TABLE 6 Comparison of the error metrics of the imprecise multipliers
Multipliers MED NED ER MRED
PM1 2,760 0.042 0.9921 0.3436
PM2 1,555 0.024 0.9915 0.2332
M1 3,477 0.054 0.9996 4.2270
M2 1,320 0.020 0.9178 0.7990
M3 892 0.014 0.9023 0.0703
M4 1,231 0.019 0.9178 0.0777
M5 1,561 0.024 0.9423 0.0830
M6 710 0.011 0.8832 0.0458
M7 1,086 0.017 0.9085 0.0644
M8 1,803 0.028 0.9085 0.0878
M9 1,368 0.021 0.9351 0.0938
M10 787 0.012 0.8757 0.0383
M11 496 0.008 0.9309 0.0788
Mi12 1,190 0.018 0.9169 0.0820
M13 3,457 0.055 0.9998 4.1712
M14 2,190 0.034 0.9805 0.3505

error rates. It is worth mentioning that in many error-resilient applications such as image processing, increasing the
accuracy of the results higher than a certain value is not a suitable approach on the grounds of imposing unreasonable
energy consumption.?

5.3 | Application in image processing

In daily human life and many fields of science and technology, digital image processing plays an increasingly essential
role with numerous applications from robotics, television, satellite, biomedical engineering, machine vision, pattern
recognition, and industrial systems.*® The image multiplication and sharpening as two of the most commonly used
algorithms in image processing are considered for the assessments in this section. To perform image multiplication, a
MATLAB program is developed to multiply two images pixel by pixel, employing the proposed imprecise multipliers.
Notably, the Berkeley Segmentation Dataset (BSD) is utilized for the image multiplication and sharpening.*

For the image sharpening application, the sharpened output image is determined by the following®®:

1 2 2 . , , .
Y(X,y) = ZX(X,Y) - ﬁzi= —22': _ZMsharpening(l + S’J + 3)X(X—l,y— l), (9)

where X and Y are the input and output image, respectively, and Mgharpening 1S the sharpening mask, which is defined
as follows:

14 7 41
416 26 16 4
Mgparpening= |7 26 41 26 7. (10)
416 26 16 4
14 7 41

In the image sharpening application, except for the multiplication operation, the rest of operations such as add, sub-
tract, and division are assumed to be exact. To assess the quality of the resulted images, peak signal-to-noise ratio
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(PSNR) and structural similarity index (SSIM) metrics were introduced. The details about these critical parameters can
be found in Wang et al.*

To have a qualitative evaluation, Figure 6 illustrates an example of a visual comparison between the image multipli-
cation results for the exact and imprecise multipliers. According to the results, from the human vision point of view,
the proposed imprecise multipliers provide appropriate and acceptable results.

Tables 7 and 8 indicate the PSNR and SSIM values for the image multiplication and sharpening applications real-
ized by the imprecise multipliers.

Based on the comparison results, the second proposed imprecise multiplier presents better PSNR and SSIM as com-
pared to the first one in both image sharpening and multiplication. Despite showing lower PSNRs and SSIMs than some
of the previous designs (M6, M10, and M11), the proposed imprecise multipliers have superior efficiency at the hard-
ware level, which makes them suitable for many fast and energy-efficient image-processing applications.

To have a comprehensive assessment of different imprecise multipliers and to evaluate how each of them compro-
mises the quality for hardware efficiency, we use a figure of merit metric, based on the image processing applications as
follows:

(A) 260058 (B) 196073 (C) Exact (D) M1

(E) M2 (F) M3 (G) M4 (H) M5

(I M6 ) M7 (K) M8 (L) M9

M) M10 (N) M11 (0) M12 (P) M13

Q) M14 (R) Proposed 1 (S) Proposed 2

FIGURE 6 An example of the image multiplication results of different imprecise multipliers [Colour figure can be viewed at
wileyonlinelibrary.com]
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TABLE 7 The PSNRs (dB) and SSIMs for some of the image multiplications
PSNR SSIM
253,055 x 189,011x 2,092 260,058x 253,055% 189,011x 2,092x 260,058
Multipliers 260,058 385,028 3,096 19,6073 260,058 385,028 3,096 19,6073
PM1 24.04 25.12 25.23 26.12 0.7761 0.8553 0.7707 0.7598
PM2 28.45 30.66 32.65 32.19 0.9142 0.9613 0.9267 0.9468
M1 27.04 24.02 24.08 25.68 0.8861 0.7795 0.7328 0.8137
M2 26.74 29.74 33.84 31.1 0.9107 0.9779 0.9576 0.9616
M3 30.39 33.95 37.71 36.86 0.9579 0.9879 0.9761 0.9861
M4 27.13 30.12 33.87 31.22 0.9167 0.9790 0.9578 0.9622
M5 26.18 28.95 34.63 31.56 0.9115 0.9783 0.9754 0.9660
M6 30.20 35.51 40.34 33.18 0.9590 0.9919 0.9863 0.9801
M7 28.12 31.42 34.75 32.07 0.8889 0.9784 0.9592 0.9527
M8 22.68 27.47 32.15 28.98 0.8235 0.9672 0.9490 0.9360
M9 26.91 30.19 34.56 32.02 0.8741 0.9730 0.9600 0.9596
M10 28.53 33.33 43.11 37.92 0.9415 0.9919 0.9931 0.9916
M11 37.18 37.00 36.06 37.71 0.9846 0.9806 0.9694 0.9848
M12 28.04 31.34 37.57 31.88 0.8975 0.9773 0.9755 0.9611
M13 25.87 2413 24.32 25.76 0.8558 0.7822 0.6923 0.8462
M14 27.30 27.18 28.21 2517 0.9128 0.9434 0.9015 0.8691

TABLE 8 The PSNRs (dB) and SSIMs for some of the image sharpening

PSNR SSIM
Multipliers 3,096 28,075 135,069 385,028 3,096 28,075 135,069 385,028
PM1 25.6 27.70 30.8 254 0.944 0.967 0.979 0.967
PM2 30.0 31.5 323 27.7 0.981 0.991 0.988 0.983
M1 12.6 12.7 13.1 13.2 0.695 0.518 0.725 0.704
M2 28.0 28.9 26.2 202 0.966 0.990 0.983 0.984
M3 27.3 29.5 25.8 29.6 0.967 0.991 0.984 0.987
M4 28.6 29.3 26.6 2o 0.972 0.992 0.984 0.986
M5 28.4 30.4 274 29.8 0.966 0.994 0.985 0.990
M6 31.5 33.3 30.8 34.7 0.976 0.993 0.990 0.993
M7 30.5 31.9 28.6 31.0 0.977 0.991 0.985 0.987
M8 27.2 29.1 25.9 28.1 0.955 0.985 0.981 0.981
M9 34.0 35.2 30.9 33.2 0.980 0.994 0.985 0.991
M10 33.5 36.0 33.0 343 0.977 0.995 0.990 0.992
M11 32.8 33.5 334 34.0 0.976 0.994 0.991 0.994
M12 36.8 38.3 35.9 36.2 0.983 0.993 0.987 0.992
M13 12.7 12.8 13.1 13.2 0.719 0.531 0.743 0.722
M14 15.9 17.0 16.9 16.0 0.849 0.874 0.899 0.883
FOM = PDPsaving x Transistorsaving X PSNR x MSSIM. (11)

This figure of merit considers both hardware and quality metrics in imageprocessing applications. It also empha-
sizes more on the quality metrics as it is of importance to the end user. It is worth noting that the PSNR and SSIM are
the average values from the image sharpening and multiplication results.
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Figure 7 illustrates a comparison between the FOM of the imprecise multipliers. The comparison results demon-
strate that the second proposed imprecise multiplier shows higher FOM as compared to the other designs and make an
effective trade-off between design efficiency and quality as an imprecise multiplier. This is on account of superior elec-
trical characteristics along with reasonable level of accuracy of the second proposed imprecise multiplier. Significant
transistor count reduction, considerable power saving, and fast delay response while providing an acceptable output
quality for approximate image multiplication are the main achievements of the proposed imprecise multipliers. Based
on the results shown in Figure 7, the FOM of the first proposed imprecise multiplier is 4.7 times the average FOM of
the other multipliers, while this value for the second proposed design increases to five times. Therefore, the second pro-
posed multiplier can be considered as the efficient design for image-processing applications.

In order to investigate the best combination of the approximate and ultra-approximate columns in the second pro-
posed multiplier, the bit width of the approximate part increases from one to 11, and the FOM for each design is calcu-
lated. The results of this assessment is illustrated in Figure 8. The results demonstrate that the approximate multiplier
that uses approximate compressors in four significant columns (see Figure 5) shows the best FOM.

6 | CONCLUSIONS

In this study, two ultraefficient imprecise multipliers have been proposed based on innovative approximate 4:2 com-
pressors in 7-nm FinFET technology. Intending to reduce the number of transistors and energy dissipation, the first
multiplier has utilized ultraefficient 8-transistor 4:2 approximate compressors. This superior compactness has signifi-
cantly improved the transistor count, delay, power, and PDP as compared to the other state-of-the-art multipliers. The
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second proposed imprecise multiplier has been designed in a way to enhance the accuracy of the output results while
providing a significant energy-efficiency. A semiaccurate 24-transistor 4:2 compressor has been proposed to be used for
the high-order columns of the second proposed multiplier. Along with improving the accuracy by the semiaccurate 4:2
compressors, the second proposed multiplier has shown superior performance parameters. In order to comprehensively
compare the multipliers and to evaluate how each of them compromises the accuracy and quality for energy efficiency,
a figure of merit based on PSNR, SSIM, NED, and PDP has been considered. According to the comparison results, the
proposed multipliers have made an effective trade-off between hardware efficiency and quality for approximate com-
puting. Our comprehensive results conclude that the proposed imprecise multipliers are promising candidates as the
building blocks for ultracompact and energy-efficient approximate arithmetic circuits and systems.
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