ol y elils

9 = Olawlxo Olylaw 2b 3yl g owy

o )l (o HE 0SS e SO (65w a9 Jodxd

: M‘) Sluw!

Gl Loy s

= .

I&)&J

P (G0 (ol

1398 slo g0



4....oovovvvsvsssssossforisessiogrssosssos P oonrssosygloss S s s oo o . SN (o5 00S rez1
B s e st B e e sasses e Hoss s s tsssesesssseedlensses oy (6o 00LS rex (o a4l 1.1

(VAENE A Z AT, LM IO AL A AN oold sla oS x> 1,11

YN SRR TN TR < [T A e LR T 00 ey (510 005 o> 2.1.1

8., 30 areitessrnefies &S el sle suiS xe> 3.1.1

1 PR L A — e sl oaS ez sles 4.1.1

11 OO WY o — 5 sl oS mex bl 2.1
13t Bnessssrtsins o I SO ccersecrtorin Fosssssssissssiossssrsosisos Uas slo aaseie 1.2.1

L < IR, - SRR s - N Sow Slasin 2.2.1

22 Ly sty B e [, N b e A R RS, )
22,5t bt S ot sy gl S oy g i 1.2

y L Ay, N Sz N gz ddgi o i 1.1.2

p ] S W ARy S S i Jaame Sy 8 i 2.1.2

r y SIS S S Jpame S0 30 oy oS5 b o led 5 eolil 3.1.2

1 L2l ettt e st outlons Booth _.,& sle cusS 0 4.1.2



725 - St SO - ™ N <8 SR S 4 LS‘ Q‘)T Lg"")‘a" L5L°r°"*‘-°-"113
Q5222 (el a T AN D N0 | (8L v Goile g e o, G e 2.1.3
46 ................................................................................................. uo;b;ywwﬁélbws.l.3

A8, o A o B ).’9.»44 U"")b)" o).;)lS.4
A8 et o5l s 1.4
53t I W e . S uam 2.4

B8ty sk (28 0T ez sy g (Sile 4B

B8 Ll ottt Elhgeny oolazul S0 pAYELY Zo= JJ..o L;)M 1,6

66...rrne ~Ismee5nm 55595 5l eolaul b jlae >,k 4.6

512 T T - S L5>9)"> o (S ).A.O‘)L! ).‘.»L: 9 )9"‘“‘")"‘)" calises LQLQ ).a.o‘)l.a MLQ.Q 5.6



. = &
. l.. s o
° )
o 09

S sl o Jg5le (5 vt Hloie 4 b pendio g b 00ilS G o e 0uilS e Sl ST
oyt 9 YU Ce s 4 3LS Wy, (oo Hleds 4 Slawlxe sla I Lol 50 Sl s o 0adslo g
S8 Jbe sl b 22,5 51 (6 ks jo e ol ) Cunslie Sy iz o2 5 S35 20 S
ol oy Sllae >kl eslaiil 4 e (b cols 4y jd 5 aseid (ol Al dix slo
28 Sl sl o (dad slo )b 6l o aiib 5 () oAb LG nl e o]
@‘)bslbu;}ng)otg‘ﬁ.w‘omdﬁ‘)‘L@Msbowg)@‘bow@qk}auﬂ
oolaiwl b 0gds o ploul Sl jlawe sl S99 Uaz 3l gl dslin g xal> oL, SO glaie sl
Pl il p ailen (69,5 (6l Lo 090 o ((cn 8 Gld 00lS rez g b calS o yo
&S Ji= s gals 580 Jlae S cand 1y le w36 136 5 ole 147 bl o8
3 Sdpian Olie armeds lp wSl (oo o2 alie Jl Jlae 93 s poal Bl CulS
oolaiwl co,d glo i 5l polal g5 WS aseid lp Jlae Colus g ole sl

oS (5



NS
(sl aile, iz Hemen o 0 p) 5 Jg s Gollae IS johay Sloslxe sl U ax 3
Codgaze Jodo ayaiil oo Uad (g lode Jood 4y 0B (golS 00l 5 Slolid (pw o OlbLs )|
23S g loo ol emen ola oS 0 6 IKaT sla glas o s cpl yludl STyol sla
69,9 «DSP) Jlous JuScw (5310 5 slo i 31 (65lean 10 o0l 3 ogdle 0iiS s ol
o dgaome 0ol duwlbe guls w8 ¢ &80 ;0 (plply caiins 598 glilo 135S T2 ) e 5l sla
Sloslore (e (plolbid 5 gan alel sl o2 )sSlaiilo b 0 )5 5l (6 ke )0 9929 2o
50 Slala jo Coenl o sl Lo da 05 )5 ol Codle a4 a>g5 b osswn Il b g, b]
2o 0 5 51 g bewn jo oolaiul BB oo 185 Slwlbrs (pl by 0105 8 ) Slese Jals o JSlas

aol oo aiin Uas 3 eatio Glie Joow 4y ,0l8 as

oy 5 S cmmgd dalip sl by o 4 o loe 51 o 80 laloes 0550 0 3| Dladss
ol (o 85 Slawles o jlaw oaasdl Jo oo, slo o 2l 4y beo) jocanl oo S

iy (ot sl g 5 Aok sla e sl esliinl (o )8 sle 0aisS e 25l sl

ooliil Sl 5 4525 gl o ool (40,51 cass 4 gl g5 Cige (giles a1 sl 00
S by @l b oSl 5 (ED)as (8Dls| (ERas 50 callin ol 55 e 00
2o Lol 1580 e b dad o a8, g Slael 1 el o0 ool o5 lo 24k (6 as oo
OlF ;U Jyame dloz 51 S50 slo Jlne (rizran (ol SNl g Jle mhaw (Sl e
oolil b (b cnl 55l slo Sy b5 sl (ADP) gl 22U Jsame 5 (PDP)

el 00

oy S Clis § (510 pgaai sl dil; dim alox 51 e giin Sl 0 0I5 50 poal (b5lo

‘u‘ LS"Q 6L]a.> J.g‘).g L) ugLQA )‘ QM..}- 0y L: d.wb ° )‘0)9.5-)3 dyb uu.o.!b‘ )‘ L5£«A))J

S Ay pead Bl n 65 A g (o Slwbre o jlae sl eslitul b pslyie



3 s Ol iy b5l pleie 4l e Slss eSS g pgal le mls (nl e
O TN W ST AL RTINS REGIING WO P PR E 0
Sl 0aiiS b 5 b cuisS gz loslilul b polal (g35le maly Ol jlaw jo Jlie gl aS aas

Lo,ds cdo b 38 jlae SO L avslie jo o mdaw ;0758 5 ey ;0753 U lg o oy

S i 3l ooliinl b s asuid Ollas [0 i ob 03] Jes 4 29> 480 lacn
L 335 jlae SO b anslio ;o 1) (ls5 50 9540 725 g Ce s 13 0900 TAO B g5 (o (o )5
20,5 oo ke dllie ol j0 sl Gy i s b3 50 0,50 Canay aline Lo a5 cdo

g i opl o il o o o b ol a5 s cuisS xez 5l (6555 Acgeno
S5 o)l sl (wgie slat)aaz sl jlae o nl 2 ogdle il ool ad )5 L
A s s BSOS (o O S s 5 o,
oD ai8)S i s Sty s Cudle o Sliles sl S oy Slo oaiS 0
Sl 00l oolaiu] Ceadle ygas slo 0aiiS © o 5l s gl Wlie (o a5 >y cul
Syas g cdowSles g azgi bl ol gl (S goud (cuyp (ad ()8 Glo o
ol 455 15 ey 390 58] Ceas

ol 00 ooliiwl Wlie !yl yw 5ol jiiw ;0 STM CMOS (6 1093l 28 01,3
sl 00l solaul gl 65 aad (5550555 5l o SYlae o aS Jb o

B s, fophtiS o S e (B0, o ColBEe 11 N B LY s 4
Sloogas g Coro Cul oad osliinl jiien b3l ln pead lon 92,5 90 Gl

.q@.]@w@}mgsjuwbjm

1



R 0uSS 2o 1
E O G oSy £l Il e Tom S 8 e g lilorsy
CLA) s i BB o5 03, L oisS oz o (1 JS2) RCA) (290 (a5 o3, L oS
o FA & (FA) 00isS o plod o (&5 o8, (o RCA G jo aiil (o 2 JS2)
Al oo Gl O(M) L) N L csline jsb s Jloe Souzmm 5 530 axd )0 090 (0 Jile
S 5 g ool 5l 53l solor 45 a0 LS5 Ty 1 3l 2e 0 CLA Sy
0 Joe 0l o i (M85 o3, 0y sl (P = aitby) Ll g (95 = aiby) oy sle
obsS e b8 ek plpls il o (O(log(n)) L) N v & &g CLA 506 0SS
o)ls 5L (O(nlog(n)) 1) 555,53 e 4 CLA SO (Jl> (0l b il (o RCA 50 5l 5

Sy ok &g i3, 31 sl a5

535 e S ()3 S Sz 5 e e G2 b o sl b 5l e
Lu 2004; Verma et al. ) ail oo ol Ollas o e adsl (g, SO Lol ool olpii
5 o5 Ak c s gz Jole S i T ol B oS gar o o (2008
S Bl 1l 5ol (B 08, 005 45 plir me 09d (oo (S Gy (> K) (LSB o)
iz by 0aliS gex Soh o Bl (o0 Jyere la ik 5l 5 e (oS 00lS gex
Mohapatra et al. 2011; Zhu et al. 2009; ) wiSe IS (s5ls0 ok 45 S>5S 00isS pox
65 Ll o pzy gy ol 5l 0ed o s« (Kahng and Kang 2012; Yang et al. 2016
Du etal. 2012; Kim et al. 2013; ) ,0 5.5 (goi (idu 5l .09 0 0isS 2S>68 sl i 4

Ye et al. 2013; Lin et al. 2015; Li and Zhou 2014;Hu and Qian 2015; Miao et al.
0SS pe i o slp (6,5 (699,9 Lol el o eolaiwl (2012; Camus et al. 2015; 2016

P daﬁft_g; ULZN‘L)OMSCL& ‘ouév &9.\ UJ‘ O Qj.wkscutz.u‘ ugLQwo O g
RVSLY x> ‘nl.o.? Y )‘ oolaul u‘y O] 9 ‘5").74 Joove Job wﬂls LS‘)-.’ Jiio 09 Ogw
Mahdiani et al. 2010; Gupta et al. 2013; Yang et al.2013; Cai et al. ) ol o o,

. (2016; Angizi et al. 2017



oo oolawl 5.8 oM@?&%)oL@LSB & skw eolo sl eepYy o.)..;.;Sc.o.?[oLoS)"W
dalol ;o Ao jalay 45 Wigd o puedl Alwd 4 A 0,8 sla 00T pex (ol pls g

DG (50 ()2

Critical Path

Opg by a; b; a; by ag bo
[
[ L
N | ’ ! C
3 g VTV - o 4 )
- kool I i gt 4 D
i ! Vi o
v

Cout Sn-1 Si 51 5o

s Lol Je8 SGFA - (RCA) oo ol 65 S, 1 S

Critical Path
1Dy 1 a; b; ay b ag by

L L |

|
| :
SPG (] .. | SPG e . | SPG 1| SPG |
! : '
\ R Ew 2 l |
| | |
Cout -S'ifpn‘—} En-1 : Si |Pi| &i 51 |P1\&1 50 _lpﬂ (/)
y.__ I | y v L y Y_¥
' [
| _ _Camy Lookahead Generator | F e

slo i adss (sl o3litsl 8,50 axly SPG (CLA) L2l (6,5 oo iy ol 2 IS
et 5 sl ez Jol>



2 B euisS e guiy ailb 1.1
wbd b ousss 20> 1101

oo aizle (LU 2004) ool 0uisS gz 7,b wlal 5 (ACA) ms Lo a5 00lS oz
n>) ge Jolo S 50 655 S i Sl pl K LSB slo co 2o M ACA S o 2l
Sye s 13U olil e ol sals 00ls iules 3 S j0 a5 g e 00 S 4 (K
(Lu 2004) ;o 59290 7 b .l o 22l8 (CLA (jgzan (s3l90 0,55 51 ) (O(log(k))) 4
B WV IRUNWA PRS0 IR VEL i DE A VSRS ITY . VL 15 DE SNEIRTOSIRVR (Rl o RICO I
(Verma et al.2008) ,o IS colus .(O((n — k)klog(k)) o)cw! ol bcus 1580 cow

il (o IS 005 gz ) sle Wsa e o b Gloll (B RERS Szal

0 el (5B 00llS 20> 2.1.1

e K 00lS a0l ]y S M eailS pem SO (BESA) il pnd 00ilS po
25 O 03 65 rlnle S o el S SIS ol (6,5 (69555 L (Slge soka 45T 2SS
ESA ,56 e (Mohapatra et al.2011) 4 &) 058 o8 (idu b ouiiS aex
SsS hes ] 53l e Erls 3l s (O(1l0g(K))) St S 5 (O(log(k)))
o o> Wge 5 6,5 Wae 5l ETAID 2 g5 las oo 00iiS gax .03l oo ACA |
S R el 6T sl DI IS SFAST (Z VBT AL2009) BB 4yt 4550251 g 3 1o 8
el a1 058 o 00l JUil (s0m; oz ol alie 22 (L5 6,5 Wge Sl e S5
Sl K ladie (gly aset 10 5 0uS e solaiwl (6,5 s Sien Sl (6 i Sl I ETAIN

gon Judo s g 0l 0 ESA 51 5oz ETAIN Jlaw 5 IS ESA @ Cacs 55 380 4

3,10 i 2B 2R) 5 Nk Sl



P yoxe Ob gomails

Sy 095 0395 ollsloiT b 9 wikigo OALLIS LS 4 Bdob S Jolf™ (o dy (g ywd Cagr

Ao 8 dx>l g0



:&.&T.ogel.ko

Tinku Acharya and Ajoy K Ray. 2005. Image processing: principles and applications. John Wiley &
Sons.

Shaahin Angizi, Zhezhi He, Ronald F. DeMara, and Deliang Fan. 2017. Composite Spintronic
Accuracy- Configurable Adder for Low Power Digital Signal Processingr. In ISQED. IEEE.

Dursun Baran, Mustafa Aktan, and Vojin G Oklobdzija. 2010. Energy efficient implementation of
parallel CMOS multipliers with improved compressors. In ACM/IEEE international symposium on
Low power electronics and design. ACM, 147-152.

Kartikeya Bhardwaj, Pravin S. Mane, and Jorg Henkel. 2014. Power- and area-efficient
Approximate Wallace Tree Multiplier for error-resilient systems. In ISQED. 263-269.

Hao Cai, You Wang, Lirida AB Naviner, Zhaohao Wang, and Weisheng Zhao. 2016. Approximate
computing in MOS/spintronic non-volatile full-adder. In International Symposium on Nanoscale
Architectures (NANOARCH). IEEE, 203-208.

Vincent Camus, Jeremy Schlachter, and Christian Enz. 2015. Energy-efficient inexact speculative
adder with high performance and accuracy control. In IEEE International Symposium on Circuits
and Systems (ISCAS). 45-48.

Vincent Camus, Jeremy Schlachter, and Christian Enz. 2016. A low-power carry cut-back
approximate adder with fixed-point implementation and floating-point precision. In Proceedings
of the 53rd Annual Design Automation Conference. ACM, 127.

Linbin Chen, Jie Han, Weiqgiang Liu, and Fabrizio Lombardi. 2015. Design of Approximate Unsigned
Integer Non-restoring Divider for Inexact Computing. In Proceedings of the 25th edition on Great
Lakes Symposium on VLSI. ACM, 51-56.

Linbin Chen, Jie Han,Weigiang Liu, and Fabrizio Lombardi. 2016. On the Design of Approximate
Restoring Dividers for Error-Tolerant Applications. IEEE Trans. Comput. 65, 8 (2016), 2522-2533.
Chia-Hao Lin and Ing-Chao Lin. 2013. High accuracy approximate multiplier with error correction.
14/fCCD. 1EEE; 33<38.

IngChao Lin, YiMing Yang, and ChengChian Lin. 2015. High-Performance Low-Power Carry
Speculative Addition With Varible Latency. IEEE Trans. VLSI Syst. 23, 9 (2015), 1591-1603.

Cong Liu. 2014. Design and Analysis of Approximate Adders and Multipliers. Master’s thesis.
University of Alberta, Canada.

Cong Liu, Jie Han, and Fabrizio Lombardi. 2014. A Low-Power, High-Performance Approximate
Multiplier with Configurable Partial Error Recovery. In DATE.

Cong Liu, Jie Han, and Fabrizio Lombardi. 2015. An analytical framework for evaluating the error
characteristics of approximate adders. IEEE Trans. Comput. 64, 5 (2015), 1268—-1281.

Cong Liu, Honglan Jiang, Fabrizio Lombardi, and Jie Han. 2017a. High-Performance Approximate
Unsigned Multipliers with Configurable Error Recovery. IEEE Transactions on Circuits and Systems
I, under revision. (2017).

Wei Liu and Alberto Nannarelli. 2012. Power efficient division and square root unit. IEEE Trans.
Comput. 61, 8 (2012), 1059-1070.

Weigiang Liu, Liangyu Qian, Chenghua Wang, Honglan Jiang, Jie Han, and Fabrizio Lombardi.
2017b.

74



Design of Approximate Radix-4 Booth Multipliers for Error-Tolerant Computing. IEEE Trans.
Comput. (2017).

Joshua Yung Lih Low and Ching Chuen Jong. 2013. Non-iterative high speed division computation
based on Mitchell logarithmic method. In IEEE International Symposium on Circuits and Systems
(ISCAS). 2219-2222.

Shih-Lien Lu. 2004. Speeding up processing with approximation circuits. Computer 37, 3 (March
2004), 67-73.

Jieming Ma, Ka Lok Man, Nan Zhang, Sheng-Uei Guan, and Taikyeong Ted Jeong. 2013. High-
speed areaefficient and power-aware multiplier design using approximate compressors along
with bottom-up tree topology. In ICMV: Algorithms, Pattern Recognition, and Basic Technologies.
H R Mahdiani, A Ahmadi, S M Fakhraie, and C Lucas. 2010. Bio-Inspired Imprecise Computational
Blocks for Efficient VLSI Implementation of Soft-Computing Applications. IEEE Trans. Circuits and
Systems 57, 4 (April 2010), 850-862.

Sana Mazahir, Osman Hasan, Rehan Hafiz, Muhammad Shafique, and Jérg Henkel. 2017.
Probabilistic error modeling for approximate adders. IEEE Trans. Comput. 66, 3 (2017), 515-530.
Jin Miao, Ku He, Andreas Gerstlauer, and Michael Orshansky. 2012. Modeling and synthesis of
qualityenergy optimal approximate adders. In Proceedings of the ACM International Conference
on Computer-Aided Design. 728-735.

Joshua San Miguel, Jorge Albericio, Andreas Moshovos, and Natalie Enright Jerger. 2015.
Doppelgdnger: a cache for approximate computing. In Proceedings of the 48th International
Symposium on Microarchitecture.

ACM, 50-61.

SONG Min-An, VAN Lan-Da, and KUO Sy-Yen. 2007. Adaptive low-error fixed-width Booth
multipliers.

IEICE Transactions on Fundamentals of Electronics, Communications and Computer Sciences 90,
6(2007), 1180-1187.

John N Mitchell Jr. 1962. Computer multiplication and division using binary logarithms. IRE
Transactions on Electronic Computers 4 (1962), 512-517.

D. Mohapatra, V.K. Chippa, A Raghunathan, and K. Roy. 2011. Design of voltage-scalable meta-
functions for approximate computing. In Design, Automation & Test in Europe Conference &
Exhibition (DATE). 1-6.

Amir Momeni, Jie Han, Paolo Montuschi, and Fabrizio Lombardi. 2015. Design and Analysis of
Approximate Compressors for Multiplication. IEEE Trans. Comput. 64, 4 (2015), 984-994.
Vojtech Mrazek, Syed Shakib Sarwar, Lukas Sekanina, Zdenek Vasicek, and Kaushik Roy. 2016.
Design of power-efficient approximate multipliers for approximate artificial neural networks. In
International Conference On Computer Aided Design (ICCAD). 7.

Srinivasan Narayanamoorthy, Hadi Asghari Moghaddam, Zhenhong Liu, Taejoon Park, and Nam
Sung Kim. 2015. Energy-efficient approximate multiplication for digital signal processing and
classification

applications. IEEE Transactions on VLSI Systems 23, 6 (2015), 1180-1184.

Vojin G. Oklobdzija, David Villeger, and Simon S. Liu. 1996. A method for speed optimized partial
product

reduction and generation of fast parallel multipliers using an algorithmic approach. IEEE Trans.
Comput. 45, 3 (1996), 294-306.

75





