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Abstract

Numerous obstacles in enhancing the performance of computing systems have spurred the emergence of
approximate computing. Extensive studies have been reported on approximate computing to develop high-
performance, energy-efficient hardware designs tailored to error-resilient applications. In this brief, we
proposed 8-bit approximate multipliers with 15 levels of accuracy using three techniques: recursive, bit-wise,
and hybrid approximation using partial bit OR (PBO). Compared to the existing multipliers, investigated
designs have significantly improved the area, power, delay, Power Delay Product (PDP), and Power Area
Delay Product (PADP) by 41.68%, 73.16%, 35.57%, 72.65%, and 75.42% respectively on average. On
resemblance with the accurate multiplier, the area, power, delay, PDP, and PADP were enhanced by 54.41%,
57.57%, 25.73%, 60.14%, and 74.33% correspondingly on average. Peak Signal-to-Noise Ratio (PSNR) and
Structural Similarity Index Measure (SSIM) values surpassing (30 dB, 94%), (31 dB, 96%), and (26 dB, 95%) by
applying them to benchmarks in image smoothing, edge detection, and image sharpening successively.
Moreover, upon scrutinizing the efficacy of multipliers in hardware implementations of deep neural networks
attaining the performance exceeding 95%. The obtained results confirm that suggested multipliers are well-
suited for their widespread applications

Keywords: Numerical Weather Prediction (NWP), Artificial Neural Networks (ANNs), Support Vector
Machines (SVMs), Long Short-Term Memory (LSTM), NOAA, NASA.

Date of Submission: 11-04-2026 Date of Acceptance: 21-04-2026

I.  Introduction

With the rapid advancement in image processing and artificial intelligence necessitates the integration
of complex hardware in existing systems. Devices are normally characterized by limited computing capability
and they are area, power, and speed-constrained [1]. To address these challenges, the emergence of inexact
processing has become a prominent strategy. Due to their ability to withstand slight accuracy reductions with
negligible impact on performance, approximate computing has proven highly effective in error-resilient
applications such as neural networks, scientific computing, data analytics, image processing, speech processing,
and multimedia applications [2], [3]. These applications require intense matrix multiplications. Therefore, it is
imperative to develop hardware-efficient approximate multipliers. Harnessing error-robust capability presents a
unique opportunity to achieve heightened efficiency in power, speed, and area by making calculated
compromises on accuracy [4].

In recent years, improving the hardware efficiency of arithmetic circuits using approximate computing
has become a key research area in digital circuits. Hence, enhancing their efficiency is crucial. Multiplication is
more complex than addition. Extensive approaches have been investigated to obtain highly efficient
approximate multipliers [5], [6], [7], [8], [9], [10], [11]. Approximate computing methods are divided into
circuit, architectural, and software levels [3]. Circuit level includes voltage and frequency scaling [12].
Architectural level contains RISC-V ISA extension [13], [14], approximate accelerator and storage [15].
Software level mentioned Loop and Code Perforation [16]. However, the most favourable approach is imprecise
numerical and logical hardware design [3], [17], [18], [19]. The latest work by Rashidi [20], where two types of
multipliers were designed using a 4:2 approximate compressor and two 4-bit adders with minimizing
computational cost was proposed. Multipliers are fundamental building blocks of digital systems. However,
exact multipliers often impose considerable demands in terms of area, critical path, and power consumption.
While extensively employed in neural networks, image processing, and various applications, their efficiency

DOI: 10.9790/2834-2102021017 www.iosrjournals.org 10 | Page



Design And Analysis Of Energy Efficient Approximate Multipliers For Image Processing.........

remains constrained. To address these limitations, approximate computing has gained widespread adoption and
significantly improved diverse applications. In the realm of carry-overlook architecture, ignoring the carry
introduces a notable increment in error. Hence, there is a pressing need for substantial modifications to existing
carry- disregard methodologies.

This paper introduces a new insight: when ignoring the carry, the use of the OR gate for sum
computation instead of the conventional XOR gate leads to a significant reduction in errors. Apart from this, the
presented designs give exact results for any number of carry disregard bits if any operand of multipliers value is
2n (neW). An intriguing aspect lies in the fact that elements of filters like the Sobel, Prewitt, Laplacian, and
numerous others can all be expressed as 2n . Thus, employing proposed multipliers for edge detection and
image sharpening invariably yields accurate results.

II.  LIterature Survey

“Booth encoding-based energy efficient multipliers for deep learning systems”. H. Haider and S.-B. Ko.

Artificial intelligence on edge is a growing research field. In this brief, we propose a novel re-
encoding scheme for reducing the size of the weights of deep neural networks (DNNs). The proposed re-
encoding scheme exploits the Booth encoding scheme and the power-of-two (PO2) quantization to allow for
very low energy computations during the inference of the neural networks with minimal loss in classification
accuracy. We demonstrate the advantages of the proposed re-encoding scheme by computing a convolutional
neural network (CNN) and a linear neural network on the proposed Extended Exact Multiplier and the proposed
PO2 Multiplier. Our proposed PO2 quantization and re-encoding method reduce the model size for the CNN by
30.77% and the model size of the linear neural network by 49.86%. Furthermore, our multipliers reduce the
inference energy for CNN by 50.6% and for the linear neural network by 90.1%. The PO2 Multiplier is
proposed for the sensor-end computation of the linear neural network with a 77.32% reduction in the area
relative to an exact Booth multiplier and it reduces the inference energy consumption of the linear neural
network by 93.2% when compared to the unmodified exact multiplier. Our proposed scheme can be used to
improve the energy consumption during inference for most Booth multipliers with minor modifications to the
re-encoding signal arrangements. We also demonstrate that the proposed re-encoding scheme paired with the
proposed multipliers outperforms all the existing designs in terms of resource utilization with a minimal impact
on the inference accuracy of the neural networks.

“A retrospective and prospective view of approximate computing [point of view,”W. Liu, F. Lombardi,

and M. Shulte.

Computing systems are conventionally designed to operate as accurately as possible. However, this
trend faces severe technology challenges, such as power consumption, circuit reliability, and high performance.
For nearly half a century, performance and power consumption of computing systems have been consistently
improved by relying mostly on technology scaling. As per Dennard's scaling, the size of a transistor has been
considerably shrunk and the supply voltage has been reduced over the years, such that circuits operate at higher
frequencies but nearly at the same power dissipation level. However, as Dennard's scaling tends toward an end,
it is difficult to further improve performance under the same power constraints. Power consumption has been a
major concern, and it is now an industry-wide problem of critical importance. In addition to power, reliability
deteriorates when the feature size of complementary metal-oxide-semiconductor (CMOS) technology is reduced
below 7 nm, because parameter variations and faults at advanced nanoscales become difficult to control and
prevent. Thus, to ensure the complete accuracy of signals, logic values, devices, and interconnects,
manufacturing and verification costs will increase significantly.

I. improve the performance. Here, we propose a methodology for designing approximate N-bit array
multipliers based on carry disregarding. We evaluate and analyze the proposed multipliers both
experimentally and theoretically. The proposed 8-bit multipliers,

II. the modified sorting technique. This article implements 8x8 and 16x16 multipliers by employing the
proposed approximate compressors in TSMC 28 nm. The experimental results indicate that our designs have
about 18% delay, 43%—-52% area-delay product (ADP) reduction compared to the exact multiplier, and
20%—-55% ADP optimization compared to compressors with the same accuracy. This article further verifies
the efficacy of the proposed compressors through image blending and matrix multiplication applications.

II1. also requiring smaller errors. Case studies for error-tolerant computing applications are provided.

III.  Proposed System
This paper introduces 15 approximate multipliers using three approaches: i) a recursive multiplier
utilizing 8x4 multipliers, aimed at precise or less error-resilient applications, guided by Figure 2; ii) bit- wise
approximation designed for highly error-resilient scenarios, mentored by Figure 1; iii) a hybrid approximation
utilizing two 4:2 approximate compressors to strike a balance between hardware efficiency and accuracy.
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TABLE 11

COMPARING ERROR DISTANCE: XOR GATE VERSUS OR GATE
FOR SUM FUNCTION WITH CARRY DISREGARD

Input-1 | Input-2 | NOR OR Exact | Erv, | P(Ere) | Err, | Pikre)
result | result | result | XOR XOR OR OR
0 00 o) Ly 00 0 - 0 -
(L)) o 0l ol o 0 - 0 -
Ly 10 10 10 10 0 - 0 -
0 i1 1 1 I 0 - 0 -
01 00 ol Ol ol 0 - 0 -
U] o o ol 10 2 W2s6 I w256
01 10 1l 1 1 0 - 0 -
01 L 10 1 100 2 256 i 3256
10 00 10 10 10 0 - 0 -
1 O 1 L 1 0 - [ -
10 10 o0 10 100 4 w256 2 Y256
10 11 0] 1 101 0 256 2 3256
11 00 1 1 1 0 - 0 -
L) o1 10 1" 100 2 V236 1 3256
1 10 0l 1 101 K V256 2 256
1 I o0 1 110 6 1256 3 17256

Peg = iP(Err;‘)

n
Epean = Z P(Erri)(Erry)

Proposed Approximation for 8x 4 Multiplier

Figure 4 illustrates four types of 8 x 4 multipliers using PBO adders, named as PBO-3, PBO-5, PBO-
7, and PBO-10. In all four variants, approximation begins from the second.Fig. 3. Schematic depiction of the
approximate 8-bit unsigned multiplier design utilizing two exact/approximate 8 x 4 multipliers:

(a) Retaining the final adder as exact and (b) utilizing an approximate final adder.
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Proposed Approximation for 8x 8 Multiplier Using 8x 4 Multiplier

Figure 3 showcases the proposed approximation schemes for 8x8 multipliers using two 8x4 multipliers
and one adder. Seven approximate multipliers are introduced utilizing two different combinations of 8x4
multipliers with the exact adder, in which one design is depicted in Figure 3(a). Additionally, one approximate
multiplier is designed using two approximate 8x4 multipliers and one approximate adder, as depicted in Figure
3(b). Exclusion of configurations such as PBOMS 10, PBOMS8 20, PBOMS8 40, PBOMS8 41, PBOMS 42, etc.
are done because these designs are not able to remove buffers between combinational paths. Higher
configurations like PBOMS 77, PBOMS8 107, and PBOMS8 1010 are excluded because it is having complex
designs for higher errors. In Table III, suitable combination of two distinct 8x4 multipliers and one adder is
elucidated to further reduce area, power, delay, and error. While the architecture in Figure 2 has
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Fig. 5. The architecture of a bitwise approximation for 8-bit unsigned 8x 8 multipliers for high error resilient
application.

TABLE 11l

PROPOSED 8 x 8 MULTIPLIER UTILIZING TWO EXACT/APPROXIMATE
8 x 4 MULTIPLIERS AND ADDER

Design Multiplier-2 Multiplier-1 Adder
PBO Approximation | Approximation | Approximation
PBOMS.30N Column 2 10 4 Exact Exact
PBOMS-50N Column 2 t0 6 Exact Exact
PBOMS-33N Column 2 t0 4 Column 2w 4 Exact
PBOMS-53N Column 2 to 6 Column 2 to 4 Exact
PBOMS-73N Column 210 8 Column 2 to 4 Exact
PBOMS.75N Column 2 10 8 Column 2 0 6 Exact
PBOMS-105N | Column 2 to 11 Column 2 to 6 Exact
PBOMS-7IN Column 210 8 Column 2 1o 8 Exact
PBOMS-107N | Column 2 to 11 “olumn 2 to 8 Exact
PBOMS-1010N | Column 2to 11 | Column 2 to 11 Exact
PBO-73Y Column 2 to 8 Column 2t 4 | Column Sto 11

and PBOM8 1010N. These three designs are prone to higher error due to the approximation of higher
significant digits, particularly in Multiplier-1. Employing complex architectures for designing high-
approximation circuits is not advisable. Therefore, the multiplier depicted in Figure 1 has been approximated
for higher error-resilient applications.

Proposed Approximation for 8 x 8 Multiplier for High Error Resilient Application
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Hybrid Multiplier
TABLE IV
ERROR DISTANCE COMPARISON OF 4-BIT INPUTS SUM FOR XOR,
OR. COMPRESSOR-1, AND COMPRESSOR-2

Tnput Err ™ Err Err, ™Err Frr M Err Err ™Err
NOR NOR OR OR Comp-1 Comp-1 Comp-2 Comp-2
O - 0 - 0 - O -
» - ) - - L) -
) - 0 - ( - [ -
2 W2 SE 1 W2 SE - W2SE
) - ) - - [ -
2 N2SE 1 W2SE - W2SE
2 256 ] W56 - WS
- V250 - V2SO - L} -
1000 Q - ) - - [ -
10 2 N2SE 1 W2Se - W2S¢
1010 2 W2 SE 1 W2SE - W2SE
10 > 25¢ > V2S¢ - ( -
1100 2 W25 1 W56 0 - ! W2SC
110 2 V2 SE 2 V2S6 - 5} -
o 2 V2S¢ 2 V256 - ( -
] 3 17256 1256 256 1/25¢

IV.  Results & Discussion
Running the Simulation and Observing the Resulting Waveforms
Click on "Simulation." After opening ISim Simulator, selecting the current file, and clicking on
Behavioral verify Syntax, you may check for mistakes.

i

If everything checks out, hit the "Simulate Behavioral Model" button. A new window appears.
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Sim Tine: 1,000,000 ps
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DOI: 10.9790/2834-2102021017 www.iosrjournals.org 14 | Page



Design And Analysis Of Energy Efficient Approximate Multipliers For Image Processing

The inputs may be provided here. Forcing a constant value into an input requires a right-click on the
chosen input, then entering the value and clicking OK. To see the waveforms of the input and output,
click the Run option on the toolbar.

Sim Tine: 1,000,000 ps

Conceptualization and Execution of the Plan
Select "Implementation." Double-click Synthesize-XST after selecting the current file. Fix any mistakes
if you find them. Click on the reports and design summary when there are no mistakes View the current project's
Devices Usage Report and Timing Report by opening the Synthesis Report under the Detailed Reports menu.
5 5¢ rojct Neviguior IS0 TV Raaen RSO0

S Ble Edt View Project Source Process Joo
N 3 =

=tod x|

Deson “O8X
Vew: © i mplementa ) §fl S
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0 »35100e-5vg100 o

Dkl o (fa)

198 |&

P |22 NoProcesses Ruming

2 [ Processes 1o

B St | 52 Oesgn e ) B fa 3 Deson Summary (Synthesized) [x]

~0OMT AMoB ||

Look at the RTL schematic: Once you've expanded Synthesize-XST, go to the display RTL Schematic tab.
Then, click ‘ok’.

The internal modules may be seen by opening the window with the Top module. Tap on the topmost module.
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Process of FPGA Design:
This section of the lesson will provide a brief overview of the FPGA design flow. The flowing diagram
provides a condensed form of the design flow.

.«——— Design Verification
Design Entry :
Behavioral
l ‘7 Simulation
Synthesis
‘ Functional
Simulation
Implementation
‘
- Analysis
Device

Programming
Figure 5.6.1 FPGA Design Flow

V.  Conclusion

This study investigated fifteen types of approximate multipliers: eight employing recursive methods for
less error resilient applications, six utilizing bit-wise approximation for high error- tolerant applications, and one
applying a hybrid approach for balanced error. Compared to the accurate multiplier, significant improvements in
area, power, delay, PDP, and PADP by 41.68%, 73.16%, 35.57%, 72.65%, and 75.42% on average. In
the existing multipliers, enhancements in area, power, delay, PDP, and PADP are 54.41%, 57.57%, 25.73%,
60.14%, and 74.33% respectively. On contrasting the performance of existing and designed multipliers using
trade-off plots, least power, PDP, and PADP were observed. Additionally, for bit-wise approximation design, it
attains the smallest area. Most of the multipliers demonstrated acceptable performance in image smoothing,
surpassing PSNR and SSIM values of 30dB and 94% correspondingly. Edge detection and image sharpening
using 3 x 3 Sobel operator and Laplacian filter resulted in outstanding PSNR and SSIM values tending to
infinity and 100% respectively. When employing the 5 % 5 Sobel operator for edge detection, all recommended
multipliers yielded PSNR and SSIM values of more than 31dB and 96%. Additionally, in image sharpening using
HPF, a PSNR of 27dB and SSIM of 95% were attained. Furthermore, implementing a DNN using the MNIST
dataset with the proposed multipliers achieved an accuracy of more than 95%. Our future plans involve
integrating approximate multiply and accumulate (MAC) units into Reduced Instruction Set Computing (RISC-
V) processors for various AI/ML applications. We anticipate that this approach will significantly enhance the
performance of RISC-V in tasks related to image processing and advancing AI/ML technology.
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