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Abstract

Over the decades;omplementary Metal-Oxide-Semicondudi@MOS) technology scaling has
been the fundamental driver for computing. However, we aw@ im a phase where CMOS tech-
nology scaling is becoming less effective in improving tlygetem capability. The consequence is
that we must either accept that the computing systems am&uaugh or look for alternate avenues
to advance them without significant technology progressceRestudies show that there are sev-
eral promising alternate avenues that jointly can imprinedystem capability equivalent 2o— 3
decades of Moore’s law. Approximate computing is one of tlaer in recent years, has attracted a
lot of attention of researchers as well as industry. It stidn@l noted that the concept of approximate
computing trade-offs computation quality for computatéforts.

In recent years, several approximate adders have beengamwpothe literature. The key design
approach behind these approximate adders is to truncatathechain. The two most commonly
used approaches to truncate the carry-chain areApjgroximate Full AddefAFA); and (ii) Equal
Segment AddefESA). In the first approach, aN-bit adder is segmented into two sub-adders: (i)
Accurate sub-adder that includes the higher ofdeits; and (ii) Approximate sub-adder that includes
the remaining lower order\ — k) bits. For accurate sub-addéuyll Adders(FAs) are used, whereas
for approximate sub-adder, AFAs are used. In the secondappy an/V-bit adder is segmented
into several smaller disjoint or overlapping equally sizedurate sub-adders. Ti@arry-in (C;,)
of all sub-adders is considered @sConsequently, all sub-adders become independent andteper
in parallel. This thesis is divided into three parts in whatalysis, designing, analytical modeling,
optimization and applications of AFAs and ESAs are pregknte

In the first part, four AFAs are proposed with design objextivatCarry-out (C,,;) should be
independent of’;,, with minimal error probability. Using the proposed AFAs, &rbit approximate

adder is designed which we call as “ApproxADD”. In order tqomove theError Distance(ED) and
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Error Rate (ER) of ApproxADD, the concept of carry-lifetime arktror Detection and Correction
(EDC) logic, respectively, is used. In this way, two moresvens of ApproxADD — ApproxADDR1
and ApproxADDy2 are introduced. Further, analytical models are providesktonate the accuracy,
delay, power and area of ApproxADDs. The efficiency of Ap@xBDs is evaluated by comparing
them with existing approximate adders. Finally, the effectess of the proposed approach in real-life
applications is examined via an image processing appbicati

In the second part, analytical models are proposed to etithe accuracy, delay, power and area
of ESAs. It should be noted that the proposed analytical iscale generalized and superior (or at
par) to the existing analytical models. From the proposedydical models, it is observed that in an
N-bit ESA, there exist multiple configurations which exh#irilar accuracy, however, these config-
urations exhibit different delay, power and area. Thersftwr a given accuracy, the configurations
which provide minimal delay, power and/or area need to bevknapriori for efficient, intelligent
and goal oriented implementations of ESAs. In this regandy@timization framework is presented
that exploits the proposed analytical models and revealspfimal configurations. Further, from the
proposed analytical models, it is observed that there i®pesand need of improvement in accuracy-
effort curves of ESAs. For improving the accuracy-effortvas, modifications are proposed with
design objective that the modified ESAs provide higher aammumithout imposing any additional
delay, power and area overheads.t. original ESAS.

In the third part, the applicability of approximate adder<iyptography applications, yield en-
hancement and designing other approximate arithmetiatipas is examined. First, an approximate
Secure Hash AlgorithrfSHA-1) is designed using ApproxADDs and evaluated oveptographic
hash functions. Further, analytical models are proposesstilnate the yield of approximate cir-
cuits. From the proposed analytical models, it is obserkiatldpproximate circuits can improve the
functional yield and parametric yield due to decrease ia arel delay, respectively. This is demon-
strated with ApproxADDs. Further, in order to examine thie&fveness of approximate adders for
designing other approximate arithmetic operations, ancgmateMultiply-and-AccumulatéMAC)
unit is designed using approximate adders. The effectasgepéapproximate MAC unit in real-life
applications is examined via an image processing appicati
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1. Introduction

Binary arithmetic is an essential part of digital systemshihary arithmetic, all basic operations,
such as addition, subtraction, multiplication and divisicse adders as the key components. Besides
the arithmetic operations, adders are used to performrnmeng decrement and many similar opera-
tions. Therefore, at micro-architecture level of abstoagtadders can be treated as the basic building
blocks of digital systems, particularly, of digital systemhich are designed for data-dominated ap-
plications, e.g., multimedia applications. In such applications, addersdé¢he key components
determine the overall system performance and power cortsam@®ver the decades, several adders
have been proposed in the literature [6]. Among all existioigventional adderfipple Carry Adder
(RCA) is the simplest one, giving the smallest ar@a/{)), whereN is the bit-width. However, it
exhibits linear delay®@(NV)), and thus, is significantly slow. On the other hand, pakraltefix compu-
tation based adders, suchkasgge-Stone Add€KSA) are the fastest one, exhibiting the logarithmic
delay. However, their hardware implementation requirezelaarea Q(Nlog,V)). In summary, as
shown in Fig.[Lll, delay and area are two conflicting desigtriosein conventional adders,e.,
improvement of one usually demands the sacrifice of anoffsea result, no adder can provide loga-
rithmic delay O(log,V)) along with linear area(§(N)). Further, we know that power consumption
of a digital circuit is proportional to its area. Therefoaglders which exhibit larger area are expected
to consume more power as compared to the adders which esimbiter area [6]. All together, due to
the conflicting design metrics, adders have become one diehdelay/power bottlenecks of digital
systems;i.e., for a marginal improvement in delay/power, we have to $iaera significant amount of
power/delay. Moreover, since delay and power of addergasa rapidly with bit-width, this situation
is expected to become more worse in the near future.

One possible way to overcome the above-mentioned situétianto improve the delay-power
frontier of conventional adders) is to sacrifice the accyfac delay and/or power benefits. Several
error-resilient computing techniques have been introduedhe literature for such trade-offs. The
three most commonly used error-resilient computing temines are: (i) Approximate computirig [19];
(ii) Probabilistic computing [20]; and (iii) Stochastic mputing [21]. Among all these three error-
resilient computing techniques, approximate computing fegently attracted a lot of attention of
researchers as well as industryl[22]. This is partially dubé fact that it relies on the existing models
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Figure 1.1: Delay versus area of conventional adder architectutes [6].

and design approaches, rather than changing the perspecithpletely. Over the past decade, several
research works have been proposed in the literature fooappate computing at different levels of

abstraction[23—30]. Meanwhile, at hardware level of audion, most of the work has been proposed
on arithmetic units. Further, among arithmetic units, addeve attracted the strongest attention
for hardware level approximation [21,/32]. In this thesi® analyse, design, model, optimize and

evaluate the effectiveness (at application level) of appnate adders.

1.1 Approximate Computing

The concept of approximate computing features high-perémice energy-efficient software and
hardware implementations by trading-off the computaticcusacy for computation efforts [25,133].
Over the past decade, several research works have beerspdip@pproximate computing paradigm
both at software level and hardware level of abstractioh wficouraging results [23-30]. Software
techniques skip algorithm level computations, whereadvarre techniques modify designs at cir-
cuit level and architecture level of abstraction. At softeveevel of abstraction, researchers/designers
exploit approximate algorithms to optimize the computatomplexity of compute-intensive appli-
cations €.g., NP-hard and NP-complete [34-+36]) as there can ever beegffipolynomial-time ac-
curate algorithms that can solve such applications due 8sivainput data size. On the other hand,

at hardware level of abstraction, researchers/designptsre approximate computing through trun-
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Figure 1.2: Researchers/designers are working to harvest new gaimgdbe fallow period to advance the
computing systems without significant technology progféks

cation [37+39], voltage over-scaling [40--42], over-climgk[43-+-45] and approximate storage/acc-

elerators/arithmetic units [31,46,/47]. The key motivatidor approximate computing are as follows.

() Technology perspective:Over the decades, Moore’s law [48] and Dennard scaling [49Eh

jointly been the fundamental driver of computing. Howeweith the breakdown of Dennard
scaling (aroun@004 — 2006), increase in clock frequency and reduction in supply \g@thave
greatly slowed down. Under such conditior3mplementary Metal-Oxide-Semiconductor
(CMOS) technology can follow Moore’s law, but the power dgnsicreases to a level that
processors can be as hot as a rocket nozzle [50]. Therefon@di2000s, the microprocessor
industry has shifted to multicore scaling. The objectiviibd multicore scaling is to improve
the system capability by increasing the number of cores [geper generation. However, it
is now becoming difficult because: (a) The performance gath mcreased core counts is
diminishing due to serial computation, synchronizatidobgl communication, etc. [51]; and
(b) More cores are only possible if the cores are slower & lggized with each generation
due to dark silicauu All together, as shown in Fidg._1.2, we are now in a phase wodM®©S

technology scaling is becoming less and less effective ptaming the system capability. For

the improvement of system capability, researchers/dessgare thinking about the post-CMOS

1 with the progression of Moore’s law, the percentage of a CMOIf that can actively be used within its own power
budget is dropping exponentially [62]. Even22inm, 21% of a CMOS chip must be powered off due to thermal design
power constraint. ABnm, this number is expected to reach upty — 80%.
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technologies, but there appears to be no obvious altereei@ology that can repladéend-of-
RoadmapgCMOS over the nex2 — 3 decades (see Fig._1.2). In such a scenario, we must eithel
accept that computing systems are good enough or look fennalte avenues to advance them
without (significant) technology progress. Recent studiesv that there are several promising
alternate avenues which can jointly improve the systemlmapeequivalent to2 — 3 decades

of Moore’s law [7]. Approximate computing is one of them andeécent years, it has attracted

a lot of interest of the researchers as well as industry [19].

(i) Application perspective: We know that today’s computing is driven by a very differeimck
of applications. One of the emerging and important domafrapplications iserror-resilient
applications Error-resilience refers to the property of an applicatmraccept outputs despite
some of its underlying computations being executed usipgaqimate software and/or hard-
ware. As shown in Fig[_1l3, the error-resilience of such igpfibns is attributed to several
factors, including noisy and redundant input data, absefce unique golden output, lim-
ited perception of human senses, algorithmic features[&tc Due to the property of error-
resilience, final output in such applications need not bby folecise, rather an approximate
output is equally acceptable provided the approximate uwiwgptisfies the accuracy require-
ments. It has been observed that a very high degree of esdience is prevalent in a broad
spectrum of applications, including web search, machiamiag, computer vision, statistical
and probabilistic analytics, scientific computing, imagedio and video processing, wireless

communication, etc [8, 30, 53-55]. All these applicatiores\aery compute-intensive, but the
TH-2052_136102004
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feature of error-resilience provides an opportunity to pate these applications approximately

which could lead orders of magnitude in delay and power besnefi

1.2 Approximate Adders

As mentioned earlier, in approximate computing paradigwstof the work at hardware level of
abstraction has been proposed on arithmetic units [23,R9jther, among arithmetic units, adders
have attracted a significant attention of researcherg/dess [31,32]. Here, we discuss briefly the sig-
nificance/motivation of approximate adde(g. Fundamental arithmetic operators: As discussed
earlier, in digital systems, all basic arithmetic openagiosuch as addition, subtraction, multiplica-
tion and division use adders as the key components. Therebaing the fundamental and most
widely used arithmetic operators, adders have attractéghiisant interest for approximatior{ii)
Delay/power bottleneck: We know that in all digital circuits, delay and power are twanflicting
design metrics. However, this situation is more severe ge @ adders because delay and power
of adders increase rapidly with bit-width. Consequenttym&ro-architecture level of abstraction,
adders have become one of the key delay/power bottlenedtigitdl systems. One possible way
to overcome this situation is to approximate the addets, sacrifice the accuracy for delay and/or
power benefits (iii) Parametric yield loss: As shown in Fig.[ 1.4, the parametric yield loss which
is increasing rapidly with CMOS technology scaling has lbee@ matter of concern for the semi-
conductor industry due to the fact that profits are tied diyeo the chip yield [9]. Adders, being
the basic building blocks, determine the overall pararostield of digital systems, particularly, of
digital systems which are designed for data-dominatediemns. The parametric yield of such
digital systems can be improved using approximate addgrs [1

Based on the above-mentioned motivations, several appaigi adders have been proposed in
the literature. For the sake of illustration, we classifgdd approximate adders into two different
categories: (iApproximate Full AdderéAFAs) [1-+4/56+60]; and (iijEqual Segment Adde(ESAS)
[12,14]61=78]. As shown in Fid._1.5, in the first approach\abit adder is segmented into two
sub-adders: (i) Accurate sub-adder that includes the higitker £ bits; and (ii) Approximate sub-

adder that includes the remaining lower ord&t € k) bits. The length of both sub-adders need not
TH-2052_136102004
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Figure 1.4: In nanometer regime, design related issues begin to exedra pronounced influence on chip
yield as compared to the process related issues [9].
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Figure 1.5: Generalized architecture of @i-bit AFA-based approximate adder.

necessary be equal. For accurate sub-adder, conventemmalgeneration and propagation approach
is used. On the other hand, for approximate sub-adder, AF&\ssed in which either carry generation
and propagation is completely ignored([2] 58] or an apprat@rcarry is generated and propagated
[1,13,[4]. Further, the approximatéarry-out (C,,;) may depend orCarry-in (C;,) [3,/4] or it may

be independent of’;,, [1]. Any configuration of an AFA-based approximate adder barspecified
using the notation AFAY, k). On the other hand, as shown in Fig.]1.6, in the second apipr@a
N-bit adder is segmented into several smaller disjoint orlapping equal size accurate sub-adders.
The C;,, of all sub-adders is considered @sConsequently, all sub-adders become independent anc
operate in parallel. As shown in Fig. 1.6, aibit ESA has two primary design parameters: (i)
Segment sizek)), which represents the maximum length of carry propagatod (ii) Overlapping
bits (), which represents the minimum number of bits used in caregiption, wherel < k < N

and0 < | < k. Based on the combinations éfand!/, an N-bit ESA hasN (N — 1)/2 possible
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Figure 1.6: Generalized architecture of a-bit ESA-based approximate adder.

Table 1.1: Primary and secondary design parameters aWValit ESA.

k: Segment size or the maximum length of carry propagation;k < N

[: Overlapping bits or the minimum number of bits used in c@ngdiction;0 <[ < k

r. Output bits pesub-adder (except the least significant sub-adder) thatibote to the final sum; = k& — [
h: Size of the least significant sub-adders= N— (k — 1) [3=F]

n: Total number of sub-adders;= [J=F] + 1

configurations. Any configuration of an ESA-based approxenaider can be specified using the
notation ESA(V, £, ). In addition to the primary design parametérandi, an N-bit ESA also has
three secondary design parameters: (i) Output bits peraddkr (except the least significant sub-
adder) that contribute to the final sum);((ii) Size of the least significant sub-addér);( and (iii)
Total number of sub-adders), wherer = k — [, h = N— (k — 1) [5=] andn = [{=F] + 1.

We callr, h andn as secondary design parameters because of their depermiehcgnd/. As a

summary, these design parameters fonabit ESA are tabulated in Table 1.1.

1.3 Quality Metrics

The efficiency of conventional digital circuits is geneyadlvaluated in terms of delay, power and
area. On the other hand, in approximate computing paradigrare the circuits provide approximate
results), accuracy is also a concern in addition to the aloeetioned figure of merits. The accuracy
of approximate circuits is measured in terms of quality mstrBased on the requirements of the ap-
plications, several quality metrics have been introduodte literaturelll,62,65,74,75]. The overall

accuracy of an approximate circuit is often the result of t@ocurring quality metrics: (ierror Dis-
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tance(ED); (ii) andError Rate(ER). Therefore, ED and ER are considered as the fundancgrabty
metrics [22]. Besides ED and ER, other commonly used cortggsiality metrics ar&elative Er-
ror Distance(RED) [23,69| 75],Mean Error Distance(MED) [31,60,69, 75-81]Mean Relative
Error Distance(MRED) [31,72| 82],Minimum Acceptable AccuradMAA) [62] 69], Accuracy of
Amplitude(ACC,,,,) [65,169] andAccuracy of Informatiof{ACC;, ;) [65,/69]. In addition to these
generic quality metrics, there are application-specifialigyy metrics also, such dglean Squared
Error (MSE) [22)76| 77,79, 81, 83, 84] aritkak Signal-to-Noise Rati@SNR) [22] 31/, 77, 81, 83]
in case of multimedia applications. Note that the choice p&#dicular quality metric depends on
the applications. For example, Digital Signal ProcessindDSP) applications, ED is important,
whereas in communication applications, ER is importantities, ER is important when the erro-
neous results need to be handled or recovered usirgy Detection and CorrectiofEDC) logic,
such as in case diccuracy Configurable Addef®\CAs) andVariable Latency Speculative Adders
(VLSAS) [14/61.65,69, 70, 783,85, 86]. It has been obseraddé, 78] that in approximate arithmetic
circuits, the combination of ED, ER, MED and MSE is sufficiémtevaluate the overall accuracy.
Consequently, as compared to other quality metrics, we asipimore on these four quality metrics.

A brief description of these four quality metrics is as falk
(i) For aninput, ED is the arithmetic distance between tleaigate and approximate outputs as:
ED = | Suec = Supp | (1.1)
where,S,.. is the output of an accurate adder &g, is the output of an approximate adder.
(i) For an input vector (or set of inputs), ER is the probepibf output to be incorrect as:
1
ER = - Z P(ED; #0) (1.2)

where,v is the size of input vector (or input set size) aRdED; # 0) is 1 if ED; # 0,
otherwiseP(ED; # 0) is 0.

(i) MED is a composite quality metric which encompasses itiformation of both ED and ER.

For an input vector, MED is the mean of all EDs as:
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MED = E[ED] =Y ED;P(ED;) (1.3)
where, E[X] represents the expected value of variable x.

(iv) In case of MED (Egn.[(113)), both ED and ER are given themsamportance. However, ED
and ER can be assigned different importances through apatepveighting. MSE is one of
the such quality metrics in which ED is given more importaase&ompared to the ER. For an

input vector, MSE is the mean of all squared EDs as:

MSE = E[ED?] = Z ED?P(ED;) (1.4)

1.4 Thesis Motivations
The key motivations of this thesis are as follows.

() The design metrics, such as accuracy, delay, power aal @ran approximate adder can be
evaluated either through computer simulations or througtlyéical models. While evaluating
the design metrics through computer simulations, an apmate adder can be simulated ei-
ther exhaustivelyi(e., for all 22V possible inputs) or for a fixed number of inputs generated
usingMonte-Carlomethods. Exhaustive simulations provide the exact desggnics, but the
required simulation time makes them infeasible. In ordeveduate the simulation time, we ex-
haustively simulate single configuration of &rbit ESA for N = 1 to 16 usingDell precision
R7610 rack workstatiowhich consists of tw@-corelntel Xeon E5-2650 processavperating
at a clock frequency G H > [10]. Fig.[1.7 shows the simulation time as a functiom\af It
can be seen from Fid._1.7 that the required simulation tinseeases exponentially with bit-
width. Consequently, for smaller values &f (particularly, for N < 12 [78]), simulations can
be performed exhaustively, however, for higher valuesvofexhaustive simulations become
infeasible. For example, exhaustive simulations d6-dit ESA for all possible configurations
requirex 1.44 years. One possible way to handle the simulation time isnwlsite approxi-

mate adders for a fixed number of inputs generated using Moat® methods. However, as

TH-2052_136102004
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Figure 1.7: Simulation time versus bit-width for exhaustive simulatiof a single configuration of av-
bit ESA for different values ofV. The simulations are run dpell precision R7610 rack workstationhich
consists of twa-corelntel XeonE5-2650 processorsperating at a clock frequency 26 H z [10].
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Figure 1.8: Generalized architecture of ai-bit RCA designed by cascading FAs in series.

discussed in [78], Monte-Carlo based simulations have tiven limitations. Therefore, there

is a need of analytical modeling of approximate adders.

(i) Among all existing conventional adders, RCA is the slagh one. As shown in Fig. 1.8, an
N-bit RCA is generally constructed by cascadiNdg-ull Adders(FAs) in series. An emergent
property of RCA is that it exhibits the smallest silicon arel@wever, in RCA(C,,; of it" FA is
feed directly to the”;,, of (i+1)"" FA, and thus, itis significantly slow as carries ripple in aae
manner. Therefore, while designing a FA for RCA, the delagdmpute sum is unimportant,

whereas the delay to compuie, — C,,; should be minimized. Moreover, a significant portion

TH-2052_136102004
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Table 1.2: ED,,., and ER of a&32-bit ESA as a function ok andi.

f l

o | 1 [ =2 [ 3 | 4 [ 5 | 6 | 17 | 8
8 | 1.68E+7| 3.35E+7]| 6.71E+7]| 1.34E+8] 2.69E+8] 5.37E+8] 1.07E+9[ 2.15E+9| —
10 | 4.19E+6| 8.38E+6| 1.67E+7| 3.35E+7| 6.71E+7| 1.34E+8]| 2.68E+8| 5.37E+8| 1.07E+9
12 | 1.04E+6| 2.09E+6| 4.19E+6| 8.38E+6| 1.67E+7| 3.35E+7| 6.71E+7| 1.34E+8| 2.68E+8
14 | 2.62E+5| 5.24E+5| 1.04E+6| 2.09E+6| 4.19E+6| 8.38E+6| 1.67E+7| 3.35E+7| 6.71E+7
16 | 6.55E+4| 1.31E+5| 2.62E+5| 5.24E+5| 1.04E+6| 2.09E+6| 4.19E+6| 8.38E+6| 1.67E+7

8 | 0.87352| 0.68028| 0.40856| 0.26822| 0.16339| 0.10428| 0.06809| 0.04583 —

10 | 0.87463| 0.57730| 0.32895| 0.22591| 0.11748| 0.07342| 0.04314| 0.02701| 0.01599
12 | 0.74987| 0.43731| 0.23416| 0.17570| 0.09050| 0.04579| 0.03040| 0.01505| 0.00912
14 | 0.74996| 0.43745| 0.23432| 0.12103| 0.06146| 0.03094| 0.02316| 0.01158| 0.00575
16 | 0.49999| 0.43748| 0.23436| 0.12107| 0.06150| 0.03099| 0.01554| 0.00778| 0.00388

EDmaz

ER

of dynamic power consumption in RCA is due to re-switchingndérnal nodes when carries
propagate froniLeast Significant Bit§LSBs) toMost Significant Bit§MSBs). One possible
way to overcome the above-mentioned limitations is to tat@the length of carry propagation.
For truncating the length of carry propagation, AFAs aredusevhichC,,; is independent of
Cin. InaFA, to secur€’,,; independent of’;,,, C,,.; should be eitheb, 1 or a Boolean function

of the primary inputsA and B only. In such a scenario, several AFAs are possible. From our
analysis, we observe that these AFAs exhibit differentdagimplexity and error probability.

Therefore, designers need to choose the optimal one.

(iii) As mentioned earlier, based on the combinations @nd/, an N-bit ESA hasN(N — 1)/2
possible configurations. Talle 1.2 shows,EEPand ER of a32-bit ESA for different config-
urations {.e., combinations ok andl), where ED,,,. is the maximum possible magnitude of
error. It can be seen from Talle 1.2 that insFbit ESA, there exist multiple configurations
which exhibit similar accuracy. For example, ESA(12, 1), ESA@32, 14, 3) and ESAB2, 16,

5) have similar ED,,.. Further, ESA§2, 8, 7), ESA@32, 10, 6) and ESAB2, 12, 5) have similar

ER. Therefore, an interesting question that may arise Berédr a given accuracy, what are the
optimal configurations which provide minimal delay, powed#r area. These optimal con-
figurations need to be known apriori as the prior knowledgguch optimal configurations can

lead to efficient, intelligent and goal oriented impleméiotas of ESAs. Further, we know that
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(iv)

v)
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Figure 1.9: (a) Accuracy-effort curves; and corresponding (b) Eriffwrecurves.

accuracy of an ESA does not depend on the adder architedadeta implement it, however,
its delay, power and area depend significantly. Therefbeepptimal configurations vary with
adder architectures used to implement the ESA. Accorditigiy type of optimization analysis

need to be carried out considering different adder arciites.

In digital circuit design, the efficiency of conventiancircuits is generally evaluated using
the delay-power curves. On the other hand, as shown in[F8).irl approximate computing
paradigm (where the circuits provide approximate resusearchers/designers use accuracy-
effort curves to evaluate the efficiency of approximatewstec Note that accuracy-effort curves
describe the relationship between the accuracy we canvacarel the efforts we need to pay
in return. In case of approximate arithmetic circuits, aacy is measured in terms of qual-
ity metrics (ED, ER, MED and MSE) and efforts are measurecims of delay, power and
area. Therefore, accuracy-effort curves evaluate — howhroptimal delay-accuracy, power-
accuracy and area-accuracy trade-offs an approximatareeiic circuit can provide. From
our analysis, we observe that there is a scope of improvemen¢ accuracy-effort curves of
ESAs. The accuracy-effort curves of ESAs need to be impraweeithat they provide optimal

delay-accuracy, power-accuracy and area-accuracy tffsle-

Over the past decade, several approximate adders hamgobeposed in the literature. In most

of the work, researchers/designers examine the feagibfl&pproximate adders in multimedia
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1. Introduction

applications. However, they also find applicability in atls¢ate-of-the-art applications. As
different applications have different level of error-tesice, the effectiveness of approximate
adders vary with the applications. Further, in differentlagations, there are different methods
of introducing approximation. For example, in cryptogra@pplications, approximation can
be introduced either by reducing the number of rounds or bypeding the rounds approx-
imately using approximate adders. In addition to the delay power benefits, approximate
adders can also be used to address other technology/dekitgdrissues, such as yield ldss [1].
Further, we know that all basic arithmetic operations, sagladdition, subtraction, multipli-
cation and division use adders as the key components. Theyefpproximate adders can be
utilized to design other approximate arithmetic operai@Y--89]. All theses points need to be

explored to maximize the benefits of approximate adders.

1.5 Thesis Contributions
The key contributions of this thesis are as follows.

1.5.1 Contribution in AFAs

We propose four AFAs with design objective ti@},; should be independent a6f;,, with mini-
mal ER. Subsequently, we exploit one of the proposed AFAsdfitimal one) for designing aN-bit
approximate adder which we call as “ApproxADD”. An emergarmtperty of ApproxADD is that car-
ries do not propagate in it, and thus, it provides bit-widthare constant delay)(1)). ApproxADD
also shows improvement in dynamic power consumption®$1% and in area by28.57% w.r.t.
RCA. Although ApproxADD provides a significant improvemantielay, power and area, it may not
be preferred for some of the error-resilient applicatioms tb the fact that its: (i) ED is too high; and
(i) ER increases rapidly with bit-width. We know that in thminetic operations, the impact of errors
in higher order bits is more severe as compared to the emdesvier order bits. Therefore, in order
to improve the ED of ApproxADD, we perform higher ordetbit operations accurately using FAs
and lower order V — k)-bit operations approximately using the proposed AFAs.cdlethis version
as “ApproxADDv1”. ApproxADDuv1 provides a significant improvement in ED, but its ER is still
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1.5 Thesis Contributions

high, particularly, fork < 8. Consequently, ApproxADDI may not be preferred for the applications
which demand lower ER. In order to improve the ER of ApproxARDwe propose an EDC logic
that detects errors, and accordingly, corrects them. Weigalversion as “ApproxADD2”". In addi-
tion to the designing of ApproxADDs, we also provide a detihnalysis and analytical modeling to
estimate accuracy, delay, power and area of ApproxADDs.

We evaluate the efficiency of ApproxADDs by comparing therthweixisting AFA-based approx-
imate adders [1,12/5,58]. Further, in order to inspect thecabeness of the proposed approach
in real-life applications, we demonstrate image compogssind decompression by replacing the
conventional addition operations Discrete Cosine TransforfDCT) andinverse Discrete Cosine
Transform(IDCT) modules with ApproxADDR2. For having a fair evaluation of the proposed ap-
proach: (i) We use four different images (Lena, Cameramaandvill and Girl [90]); and (ii) We

evaluate output images both subjectively as well as obgt[91].

1.5.2 Contribution in ESAs

Due to the additional features of design flexibility and pesgmability, ESAs have attracted a lot
of attention of researchers and industry as compared to BAes AOur key contributions (analysis,

design, modeling and optimization) for ESAs are as follows.
1.5.2.1 Analytical Modeling

We know that computer simulations have several limitatmver analytical models, such as pro-
gramming efforts, time-consuming simulations, etc. Weppse analytical models to estimate ac-
curacy, delay, power and area of ESAs. To the best of our ledyd, no favorable work has been
proposed till now on analytical modeling of delay, power amnela of ESAs. We the first time pro-
pose such analytical models considering different adddnit@ctures. Further, the key features of the
proposed analytical models of accuracy (ED, ER, MED and MB8E)hat: (i) They are generalized,
1.e., work for all possible configurations of a¥-bit ESA, whereas the existing analytical models are
for specific configurations; and (ii) They are superio¢.( estimate more accurately) or at par to the

existing analytical models [63,65,76/77] 83]. All togethbe proposed analytical models can assist
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1. Introduction

designers to estimate the design metrics of any configurafi@an N-bit ESA without going for the

programming efforts and time-consuming simulations.
1.5.2.2 Optimization

As discussed earlier, in aN-bit ESA, there exist multiple (more than one) configurasiarhich
exhibit similar accuracy, however, these configuratiorslakdifferent delay, power and area. There-
fore, for a given accuracy, to apriori select the optimalfpmations which provide minimal delay,
power and/or area is a challenging decision for designers.pkypose an optimization framework
which can assist designers in making such important dessearly in the design phase of ESASs.
This enables designers for efficient, intelligent and go@rted implementations of ESAs. Note that
finding the optimal configurations is a constrained optirtiaraproblem,.e., minimize or maximize
objective functions in the presence of constraints. Furtitgective functions and constraints depend
on the applications. In our analysis, we consider delay,gu@md/or area as the objective functions
and ED, ER, MED and/or MSE as the constraints. Over the decadeeral nature-inspired heuristic
algorithms have been proposed in the literature for com&daoptimization/[92]. For the sake of
demonstration of the proposed optimization framework, weRiver Formation Dynamic$RFD)
heuristic algorithm. Further, we know that accuracy of al\E®es not depend on the adder archi-
tecture used to implement it, however, its delay, power aad depend significantly. Therefore, the
optimal configurations vary with adder architectures useidiplement the ESA. In order to cover a
wide range of adders, we consider three types of archieatuour analysis: (i) Architectures hav-
ing smaller area®(V)); (i) Architectures having smaller delay)(log.V)); and (iii) Architectures

having in-between delayX(/N/4)) and area®(2N)).
1.5.2.3 Accuracy Enhancement

From the proposed analytical models, we observe that tearsegope of improvementin accuracy-
effort curves of ESAs. The accuracy-effort curves of ESAsthi® be improved so that their accuracy
degrade in a graceful manner, and consequently, they mroytimal delay-accuracy, power-accuracy
and area-accuracy trade-offs. In order to improve the acgueffort curves of ESAS, we propose

modifications in existing ESAs. Note that the accuracy+éftarves can be improved either: (i) By
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improving the accuracy without imposing any additionalgepower and area overheads; or (ii) By
reducing the delay, power and a