www.ijcrt.org © 2024 IJCRT | Volume 12, Issue 5 May 2024 | ISSN: 2320-2882

IJCRT.ORG ISSN : 2320-2882

APy, NTERNATIONAL JOURNAL OF CREATIVE
@‘aa? RESEARCH THOUGHTS (1JCRT)
W

An International Open Access, Peer-reviewed, Refereed Journal

Literature Review — Approximate Parallel Prefix
Adders

Ananya G
MTech Student, BMSCE, Bangalore.
May 5, 2024
Sujatha K
Associate Professor, BMSCE, Bangalore.
May 5, 2024
Abstract

This paper offers a review of the literature on the theoretical and practical working of Approximate parallel prefix
adders (APPAs). Approximate parallel prefix adders are innovative designs for high-speed arithmetic circuits used in
digital signal processing and other computational applications. Unlike traditional adders that prioritize exactness,
APPAs leverage approximations to achieve substantial performance gains in terms of speed and energy efficiency. This
abstract explores the fundamental concepts behind APPAs, highlighting their design principles, operational advantages,
and potential applications in modern computing systems. By sacrificing precision to optimize throughput and resource
utilization, APPAs represent a promising frontier in the field of parallel prefix computation.

Introduction

1. Parallel Prefix Adders
Basic Arithmetic Circuit Design

In the realm of digital circuit design, parallel prefix adders—also known as carry-save adders or carry-select adders—
emerge as critical components for efficiently performing simultaneous addition of multiple binary numbers. This
technology finds indispensable application in fields requiring rapid computation of large numbers, including digital
signal processing, microprocessor arithmetic, and scientific computations. What distinguishes parallel prefix adders
from conventional ripple-carry adders is their ability to compute carry bits in parallel, thereby significantly reducing
critical path delays and enhancing overall performance.

A fundamental principle underlying parallel prefix adders is the concept of breaking down addition operations into
smaller subproblems and resolving them concurrently—a strategy that harnesses the inherent parallelism inherent to
digital circuits. This approach dramatically cuts down the number of stages required for carry propagation, resulting in
accelerated addition operations crucial for high-speed applications.
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Types of Parallel Prefix Adders

Diverse variants of parallel prefix adders exist, each characterized by its unique design trade-offs and advantages:

e Ripple-Carry Prefix Adder (RCPA) : This basic form of parallel prefix adder employs a ripple-carry mechanism
for carry propagation. While straightforward in design, it suffers from longer critical path delays, limiting its
performance in applications demanding high-speed computations.

e Brent-Kung Adder ?: Proposed by Brent and Kung, this adder adopts a tree structure where addition is
executed in parallel at each level of the tree. Despite its increased depth relative to other designs, it achieves
a logarithmic speed improvement compared to ripple-carry adders while using fewer logic gates.

e Kogge-Stone Adder B: Characterized by a broader tree structure, the Kogge-Stone adder offers scalability for
larger bit-width additions, promising faster operation and enhanced efficiency.

e Ladner-Fischer Adder [*: Developed by Ladner and Fischer, this adder divides computations into stages where
each stage computes both sum and carry bits. It strikes a balance between hardware complexity and speed,
making it particularly efficient for parallel addition operations.

e Sklansky Adder : Noted for its efficient use of hardware resources, the Sklansky adder minimizes fanout and
node count through a recursive structure. By processing input bits in pairs at each stage, it achieves reduced
propagation delays and enhanced overall performance.

2. Approximate Parallel Prefix Adders [*!
Innovating Arithmetic Circuit Design
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Approximate Parallel Prefix Adder Procedure

In the landscape of arithmetic circuit design, approximate parallel prefix adders introduce a fresh perspective that seeks
to strike a balance between computational accuracy, efficiency, and resource utilization. Traditional parallel prefix

2R. Brent and H. Kung, “A Regular Layout for Parallel Adders,” IEEE Trans. Computers, Vol. C-31, 1982, pp. 260-264.
3 P. Kogge and H. Stone, “A Parallel Algorithm for the Efficient Solution of a General Class of Recurrence Equations,” IEEE Trans.
Computers, Vol. C-22, No. 8, 1973, pp. 786-793.
4R. Ladner and M. Fischer, “Parallel Prefix Computation,” JACM, Vol. 27-4, 1980, pp. 831- 838.
M. M. A. d. Rosa, G. Paim, P. U. L. d. Costa, E. A. C. d. Costa, R. |. Soares and S. Bampi, "AxPPA: Approximate Parallel Prefix
Adders," in IEEE Transactions on Very Large-Scale Integration (VLSI) Systems, vol. 31, no. 1, pp. 17-28, Jan. 2023, doi:
10.1109/TVLSI.2022.3218021.
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adders are renowned for their rapid and efficient addition operations but often demand increased hardware
complexity and power consumption to achieve high precision.

In contrast, approximate parallel prefix adders diverge from the traditional norm by prioritizing speed and resource
efficiency over absolute precision. These innovative adders leverage approximation techniques to trade a certain
degree of accuracy for tangible gains in speed, area efficiency, or reduced power consumption. By relaxing the demand
for perfect accuracy, approximate parallel prefix adders open exciting avenues for optimizing arithmetic circuits across
diverse applications such as digital signal processing, image processing, and machine learning.

The design ethos behind approximate parallel prefix adders encompasses the integration of approximation algorithms,
error estimation mechanisms, and optimization techniques. These components collaborate harmoniously to strike a
delicate balance between the desired level of accuracy and the constraints imposed by the target application or
hardware platform. Depending on specific requirements, designers can explore an array of approximation strategies—
including truncated arithmetic, quantization, or selective precision—to tailor the adder's performance characteristics
to the application's unique needs.

A key advantage offered by approximate parallel prefix adders lies in their ability to harness the inherent error
resilience observed in many computational tasks. By capitalizing on the tolerance of certain applications to minor errors
or inaccuracies, these adders can deliver substantial improvements in performance and resource utilization without
jeopardizing overall system functionality. Furthermore, the inherent flexibility embedded in approximate arithmetic
empowers designers to navigate nuanced trade-offs between accuracy, speed, and energy efficiency, enabling them to
fine-tune the adder's behavior for specific use cases or deployment scenarios. This adaptive approach underscores the
dynamic evolution of arithmetic circuit design, ushering in a new era where optimization transcends the confines of
conventional precision to embrace the complexities of real-world computational tasks.

Literature Study

In contemporary research endeavors, there has been a discernible trend towards enhancing the computational
efficiency of digital signal processing (DSP) blocks by integrating approximate adder These adders, pivotal in various
computational kernels of error-tolerant applications like machine learning and signal, image, and video processing,
serve as fundamental building blocks for mathematical operations such as subtraction, comparison, multiplication,
squaring, and division Within this domain, the parallel prefix adders (PPAs) have garnered considerable attention due
to their notable speed and efficiency. PPAs, organized as a parallel prefix graph.comprising carry operator nodes known
as prefix operators (POs), are specifically optimized for parallelizing carry generation (G) and propagation (P), rendering
them among the fastest adders available. In addressing the challenges of integrating approximate adders into DSP
blocks, a novel framework is introduced for analytically estimating output quality by conceptualizing the error of
approximate adders as an additive noise that perturbs DSP block outputs. This framework employs a signal processing
theoretical modeling approach, which characterizes the power of approximation noise through the integral of error
spectral density over the bandwidth. Subsequently, the output qualities of DSP blocks employing approximate adders,
including finite impulse response (FIR) filters, discrete cosine transforms, and fast Fourier transforms, are estimated
using this framework. To validate its accuracy, the proposed framework's predictions are compared with simulation
results using the signal-to-noise ratio (SNR) metric, with an observed inaccuracy of less than 2.5dB on average.

Expanding on the application spectrum, the pursuit of low-power requirements in portable multimedia devices has led
to the exploration of error resiliency techniques, where voltage over scaling has traditionally been a predominant
approach. However, an alternative avenue explored in recent research involves logic complexity reduction at the
transistor level, wherein various imprecise or approximate full adder cells are proposed with reduced complexity. These
innovations not only lead to reduced switched capacitance but also enable significantly shorter critical paths, facilitating
voltage scaling and resulting in substantial power savings, up to 69%, when compared. to accurate adder
implementations. Additionally, a novel approximate adder design, integrating error-reduced carry prediction and
constant truncation schemes, demonstrates improved computation accuracy and hardware efficiency. Experimental
results underscore the efficacy of this approach, with significant reductions observed in power, energy, and area-delay
product metrics.
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Further extending the discourse, a study focuses on enhancing fixed-point FIR adaptive filters using approximate
distributed arithmetic (DA) circuits. Here, the integration of the radix-8 Booth algorithm is instrumental in reducing
partial product numbers in the DA architecture, while partial products are generated approximately through data
truncation with error compensation. Synthesis results affirm significant reductions in delay, area, and power
consumption compared to accurate designs, indicating promising applications in system identification and saccadic
systems. Moreover, a proposed synthesis of approximate adders aims to enhance the area and energy efficiency of FIR
filters implemented in CMOS. This approach, validated through extensive experimentation, showcases notable energy
per sample savings and hardware area reduction without compromising filter frequency response or signal-to-noise
ratio.

Lastly, speculative adders, particularly speculative carry select addition (SCSA), have emerged as a compelling avenue
for reducing critical path delays and achieving high performance with low area overhead. Analytical modeling of SCSA
error rates facilitates design exploration, demonstrating superior performance compared to traditional adders in terms
of speed and area reduction. Collectively, these advancements underscore the potential of approximate adders and
related techniques in optimizing computational efficiency and power consumption across various DSP applications,
including multimedia processing and error-resilient systems.

In recent years, there has been a growing interest in approximate computing as a means to trade off computational
accuracy for improved speed and power efficiency. Various studies have explored the implementation of approximate
circuits in digital signal processing (DSP) blocks to enhance performance while minimizing energy consumption.

One notable approach involves utilizing approximate adders and multipliers in the design of efficient digital filters, such
as finite impulse response (FIR) filters and discrete cosine transforms (DCTs). These designs often leverage techniques
like distributed arithmetic (DA) circuits and radix-8 Booth algorithms to reduce hardware costs and achieve significant
reductions in delay, area, and power consumption. Moreover, approximate computing has found application in error-
tolerant systems, particularly in domains like multimedia and signal processing. For instance, researchers have
proposed approximate hardware architectures for tasks such as electrocardiogram (ECG) signal processing,
demonstrating substantial energy efficiency gains while maintaining acceptable performance levels. Similarly,
investigations into voltage over-scaling (VOS) have highlighted its potential for optimizing energy efficiency in hardware
accelerators, particularly in closed-loop algorithms [16]. However, understanding the propagation of timing errors
induced by VOS throughout the system remains a critical challenge.

Approximate arithmetic units, such as logarithmic multipliers and partial product generators, have been extensively
studied to further enhance energy efficiency and performance in digital designs. By employing techniques like iterative
approximation and novel compressor structures, researchers have achieved significant reductions in power
consumption while minimizing accuracy losses. These advancements have led to the development of optimized designs
for specific applications, such as squares and fast Fourier transform (FFT) accelerators.

In the context of video encoding, approximate computing has been leveraged to improve the efficiency of critical
operations like sum of absolute differences (SAD) calculation. By integrating adder compressors into SAD hardware
architectures, researchers have achieved notable reductions in power dissipation while maintaining real-time
processing capabilities for high-definition video streams.

Furthermore, in the domain of neural network (NN) inference, approximate computing principles have been integrated
into accelerator designs to mitigate energy consumption without significant loss of accuracy. Techniques such as
weight-oriented approximation mapping enable run-time adjustment of accuracy levels, resulting in substantial energy
savings for NN-based applications. Overall, the exploration of approximate computing techniques across various
domains underscores their potential to address the energy-efficiency challenges faced by modern digital systems. From
digital filters to neural network accelerators, approximate computing offers a versatile framework for balancing
computational accuracy with performance and power efficiency, paving the way for future advancements in hardware
design and optimization.
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Conclusions and Discussion per Capstone:

In conclusion, the integration of approximate parallel prefix adders (AxPPAs) represents a significant advancement in
enhancing computational efficiency and energy savings within error-tolerant applications like machine learning, signal
processing, and multimedia tasks. Our base paper introduces AxPPAs by leveraging approximations in prefix operators
(POs) of parallel prefix adders (PPAs), resulting in architectures such as AxPPA-BK, AxPPA-KS, AXPPA-LF, and AxPPA-SK.
Through extensive evaluation, including stand-alone testing and integration into signal processing kernels like sum of
squared differences (SSDs) video accelerators and finite impulse response (FIR) filters, our proposed AxPPA-LF
demonstrates superior performance in energy-quality and area-quality trade-offs compared to existing energy-efficient
approximate adders (AxAs). Specifically, the AxPPA-LF achieves exceptional savings in circuit area and power while
maintaining high-quality standards across a range of approximation levels. This work highlights the potential of AXPPAs
to significantly optimize digital system performance, demonstrating compelling benefits in terms of energy efficiency
and computational quality in both generic and application-specific scenarios.
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