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C omputing systems are conventionally designed to operate as

accurately as possible. However, this trend faces severe technol-

ogy 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
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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) techno-

logy 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, manufac-

turing and verification costs will

increase significantly.

There are a number of per-

vasive computing applications

(such as machine learning, pat-

tern recognition, digital sig-

nal processing, communication,

data mining/analytics, robot-

ics, and multimedia), which

are inherently error-tolerant or

error-resilient, i.e., in general,

they require acceptable results

rather than fully exact results.

For example, in image process-

ing, if the pixels are computed

close to their exact values,
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Point of View

Fig. 1. Error-tolerant applications amenable to approximate computing.

may still correctly perceive an approx-

imately processed image correctly.

This is possible because usually there

is either noise in data or redundancy

in the algorithms, while humans have

perceptual limitations.

Approximate computing has

been proposed for highly energy-

efficient systems targeting the

abovementioned emerging error-

tolerant applications (Fig. 1);

approximate computing consists of

approximately (inexactly) processing

data to save power and achieve high

performance, while results remain at

an acceptable level for subsequent

use. Approximation is not a new

concept in computing, and it has

been extensively used in floating-

point arithmetic units, or in the fixed-

width fast Fourier transform (FFT).

As data are usually of continuous

nature, its conversion into quantized

digital form inherently introduces an

approximation; however, in the past,

approximation has been normally

considered for avoiding errors.

Current research efforts allow the

approximation error, and this can

be considered as an additional

design dimension that could be

fully exploited to achieve significant

performance improvements while

reducing power consumption (Fig. 2).

Approximate computing is considered

as one of few paradigms that could

reduce power consumption by order

of magnitude, and leading companies

(such as IBM, Google, Intel, and

ARM) are involved in experimen-

tal research and implementing

commercial products and services

based on approximate computing.

For example, the tensor processing

units (TPUs) by Google use reduced

precision, a common approximate

computing technique to reduce its

power consumption [1]. IBM is

applying approximate computing

for on-chip artificial intelligence

(AI) acceleration, while ARM is also

Fig. 2. Three-dimensional design space of approximate computing.
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Fig. 3. Approximate techniques applied at different levels.

considering the design of a low-power

approximate processor.

Approximate computing accom-

plishes a reduction in power con-

sumption and higher performance by

carefully controlling the introduced

errors based on error analysis,

to ensure that the measurable quality

of error tolerance is still fully met in

an application. Generally, the error

analysis involves the least significant

parts of the hardware or algorithm;

then, errors are selectively introduced

by these least significant parts of a

design to achieve the desired benefits

as well as different tradeoffs.

I. A P P R O X I M AT E

C O M P U T I N G

T E C H N I Q U E S

Approximate computing can be

applied at different levels, from

devices to systems including hardware

(devices, circuits, and architectures),

software, algorithms, and program-

ming languages. A classification of

approximate computing techniques

is summarized in Fig. 3. A few

approximate computing tools have

also been developed for automated

design and evaluation; various

approximate computing techniques

rely on general design principles such

as significance guided design. Some

can only be used at specific levels or

applications.

A. Approximate Hardware

Due to their widespread utilization,

approximate arithmetic circuits have

been extensively studied based on

the general principle of significance

guided design (fewer resources are

provided for insignificant parts with

lower complexity). Under this prin-

ciple, both logic reduction/pruning

and voltage scaling for probabilistic

CMOS have been applied. Probabilis-

tic CMOS can reduce energy con-

sumption by allocating higher supply

voltages to critical circuits/chips to

ensure the accuracy of the most sig-

nificant bits, while carefully reduc-

ing the supply voltages for the least

important bits (that have a smaller

impact on the accuracy of the result).

For example, a probabilistic adder

has been designed based on a con-

ventional adder with various supply

voltages depending on the degree of

importance [2]. However, this tech-

nique has a very high implementation

cost due to the complex control for

the supply voltages. Therefore, most

approximate arithmetic circuits are

designed based on logic reduction

and the pruning method as simple

schemes to control and implement.

Both speculative and transistor-

level approximate full adders have

been studied. Speculative adders

can be generally grouped into two

types: nonsegmented and segmented

adders, which generally reduce the

carry delay, but do not save significant

power. In general, approximate full

adders have not only low power

dissipation but also low accuracy.

Approximate multipliers have been

designed based on approximation at

different components [3], including

approximate partial product gener-

ation, such as approximate Booth

encoding, the approximate com-

pressor, and the approximate partial

product tree structure. Approximate

operand-based multipliers have also

been studied, including the dynamic

range operand and logarithmic

representation-based designs [4].

Also, more complex arithmetic

circuits (such as an approximate

divider, approximate CORDIC, and
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approximate FFT) have been studied

based on the logic reduction method.

Memory is another important part

of a computing system. Approximate

storage has shown to be an effi-

cient option when reducing power

consumption. Based on significance-

driven criteria, higher order bits are

stored in more reliable memory cells

(as critical), and different operational

modes are employed. These tech-

niques include reducing the refresh

rate for DRAM [5] for noncritical

data, reducing the supply voltage in

SRAM, and fast inexact read/write

operations for nonvolatile memories

(NVMs) for a longer lifetime, for

example, lowering the read/write

endurance or reducing the num-

ber of writes [6]. Approximate stor-

age can also relax requirements for

error correction codes (ECCs). Emerg-

ing NVMs including resistive, phase-

change, and magnetic random access

memories (RAMs)-based approximate

vector–matrix multiplication are also

attractive because computation is

embedded in memory [7].

At a higher hardware level, approx-

imate architectures have been studied

for accelerating specific workloads.

A quality-programmable extended

instruction set architecture (ISA)

has been proposed as processor [8].

A floating-point unit (with reduced

precision), or fixed-point unit, can

be chosen carefully by a graphics

processing unit (GPU) architecture

to save power [9]. The branch diver-

gence in single instruction multiple

data (SIMD) architectures can be

limited, or avoided, by introducing

approximation at the cost of a small

quality loss [10]; an approximation

can be used to estimate the load

values in a cache and avoid a miss

latency. Other techniques include

memorization approaches to reuse

with similar functions or inputs [11]

and memory access skipping [12].

B. Approximate
Software/Algorithms

At software and algorithm levels,

one of the most effective approx-

imate techniques is precision scal-

ing. By reducing the bit-width of

an operand (so rather than using

a unified bit-width), both computa-

tion and storage resources can be

saved; for example, the width of data

in computation can be reduced to

8–16 bits (or even a smaller width)

from the original 32 or 64 bits for

significant performance and energy

improvements. Perforation and skip-

ping can also be used in the itera-

tions of a loop to reduce computation

time and save power [13]. It has been

shown that the so-called hot loops

in error-tolerant applications can be

perforated by up to 50% with a similar

reduction in execution time, while still

producing acceptable results [14].

At a higher level, a program can

even skip some tasks and mem-

ory accesses in multicore architec-

tures [15]. Data sampling can also

be applied to process a portion of

the data, and multiple approximate

program versions can be provided

with different accuracy levels for run-

time optimization. Synchronization

can also be relaxed for higher perfor-

mance [14]. In parallel applications,

the execution time can be reduced by

half if relaxed synchronization mech-

anisms are allowed.

C. Tools for Approximate
Computing

Tools have been developed to assess

the different tradeoffs possible in

approximate computing. For hard-

ware design, specific approximation

approaches are usually limited to a

design; therefore, if its parameters

are changed, then the approximations

and related approach must be accord-

ingly tailored. Therefore, an auto-

mated approximation is required for

general designs. Systematic logic syn-

thesis methods and tools for approx-

imate circuits (both combinational

and sequential) have been proposed

by defining a metric constraint to

establish an approximate synthesis

problem [16]. Automation at the soft-

ware layer has also been introduced

based on a self-tuning approxima-

tion for graphics engines. This takes

advantage of a GPU microarchitecture

and operates based on approximated

kernels [12]. Compiler and program-

ming languages have been proposed

to support approximate computing in

which type-qualifiers can be utilized

to specify approximate data and a

portion of a program [17]. The nota-

tion to indicate the approximate part

using appropriate syntax and seman-

tics has also been provided, such

that approximate data can then be

stored in approximate memory (such

as DRAM) at a reduced refresh rate

and processed by inexact arithmetic

units.

Metrics for evaluating approximate

designs based on error distance have

been proposed and widely used when

comparing approximate circuits [18].

Open-source libraries of approxi-

mate arithmetic circuits are avail-

able as both synthesizable hardware

description language (HDL) files and

C/MATLAB files [19]. Benchmarks

for evaluation of various approximate

techniques have been developed for

comparison purposes; such a bench-

mark is AxBench [20], which includes

a diverse set of applications and sup-

ports multiple platforms and various

data sets.

II. C U R R E N T

C H A L L E N G E S

Although extensive research is

underway in the area of approximate

computing, there are still several

significant challenges. The main chal-

lenge is centered on the analysis and

management of the error introduced

in an approximate computing system,

as well as testing, reliability, and

security issues as affected domains.

A. Error Analysis and
Management

An error analysis is based on the

metrics related to specific applica-

tions. Thus, a theory for general error

analysis is still not available. Due

to the large diversity of approximate

computing techniques, errors are

introduced both deterministically and

nondeterministically. A deterministic

error can be managed and controlled

within a bounded range; however,

for a nondeterministic error, the error
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analysis and control are more chal-

lenging. Currently, error analysis of

an approximate computing system is

mostly domain-specific and based on

simulation; in most cases, the accept-

able amount of errors is found based

on an iterative process. Some frame-

works have been proposed for this

type of error analysis using signif-

icance criteria, and in some cases,

results from approximate designs are

even better than those from conven-

tional designs. As an alternative man-

agement technique, compensation has

also been proposed to reduce the neg-

ative effects of errors, because both

exact and approximate results may be

required for a wider range of applica-

tions of approximate computing.

B. Cross-Layer Codesign

Current efforts are mostly focused

on a flat/single layer in which

approximation is restricted to mod-

ularity. To fully exploit the poten-

tial and benefits of approximate

computing, codesign of hardware

and software/algorithm by combin-

ing multiple approximate computing

techniques for various applications is

a challenging task. Few approaches

in which an approximate algorithm

can be run on approximate hardware

have been proposed; in these cases,

the basic principle of operation is that

the error introduced from the hard-

ware is bounded, and therefore can be

tolerated by the software/algorithm

(which has been modified to consider

the error characteristics of the approx-

imate hardware). Different appli-

cations require different codesign

methodologies; therefore, the error

analysis discussed in Section III-A can

be used to guide the cross-layer design

for better results.

C. Verification and Test

An approximate computing sys-

tem requires verification and test to

make sure that acceptable results are

generated. This is more challenging

than usual because current electronic

design automation (EDA) tools do not

support an approximate design. Verifi-

cation and test methodologies should

be re-examined by considering fault

classification and test pattern gen-

eration with respect to approximate

designs and errors. Only so-called

critical faults that affect accuracy

in a very pronounced manner are

then tested with appropriate patterns.

Therefore, new testing procedures are

needed to bridge approximation to

traditional fault coverage.

D. Reliability and Security

Due to the introduced errors,

the reliability of an approximate com-

puting system must be closely exam-

ined under environmental variations

and aging, as these phenomena may

have a strong correlation for approxi-

mate computing compared to an exact

system. For example, voltage overscal-

ing is an immediate challenge for reli-

ability at the circuit level, and it has

strong implications on performance.

Furthermore, security threats are a

challenge for approximate computing

systems, because it is difficult to dis-

tinguish the output errors if they con-

tain a malicious modification (such as

a hardware/software Trojan). Approx-

imate computing can be applied to

security services such as video sur-

veillance, security cameras, and smart

grid; therefore, if approximate com-

puting primitives have vulnerability,

then the entire system will be under

threat. At the same time, new oppor-

tunities for hardware security will

also be provided by approximate com-

puting (e.g., inexact hardware has

been used for hiding security informa-

tion and authentication for resource-

constrained Internet-of-Things (IoT)

devices).

III. O U T L O O K

Although approximate computing is

not yet at a fully mature stage, it

is very promising for future energy-

efficient and high-performance

error-tolerant applications. Current

approximate computing techniques

have been used in several AI-based

applications and services by Google

and IBM and there is also an increas-

ing trend in EDA and the software

engineering community to support

approximate computing designs.

In the coming decade, it is antic-

ipated that approximate computing

techniques will likely be employed

in energy-efficient systems for

applications such as AI and signal

processing; for example, IBM fabri-

cated an AI accelerator chip to achieve

multi-tera operations per second

(TOPS) performance by applying

multiple approximate techniques

(including hardware, architecture,

algorithms, and programs) [21].

Furthermore, new approximate

computing applications will be

exploited. For instance, approximate

computing can also provide new

approaches for hardware security

and implementation of crypto-

currency mining and lattice-based

postquantum cryptography [22]. It is

believed that more applications will

utilize approximate computing due

to power limitations. Therefore, it is

likely that there will be a growing

demand for approximate computing

with diverse contributions, from the

hardware designer, system developer,

test engineer, and research and

teaching community, to enable such

computing as a mainstream paradigm.

IV. C O N C L U S I O N

Approximate computing has shown

great potential for emerging applica-

tions. Current research efforts have

been pursued to address all aspects

of approximate computation, even

though a formal design flow has not

yet been fully established. An ever-

growing number of applications are

possible. Significant innovation and

research is needed to enable approx-

imate computing as a practical main-

stream computing paradigm with the

direct involvement of industry.
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