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ABSTRACT

Approximate computing is a promising approach that optimizes hardware components while tol-
erating some degree of accuracy loss. In particular, approximate multiplication is widely used as
a key operation in computing systems that demand both high performance and low power con-
sumption. Among various techniques, the approximate 4-2 compressor has gained attention for its
ability to significantly enhance the performance and efficiency of approximate multiplier through
benefits such as low power consumption, improved processing speed, and circuit simplification.
A multiplier that computes the product of two n-bit numbers typically consists of three stages:
partial product generation, partial product reduction, and adder. By using an approximate 4-2 com-
pressor, the partial product reduction stage can be simplified, and errors introduced by approxi-
mation can be compensated for using error correction modules. Additionally, constant correction
techniques can be employed to further reduce errors. This paper explores the characteristics of
approximate 4-2 compressors and compares various models. Based on this analysis, we evaluate
different error metrics and synthesis results for an 8x8 approximate multiplier. Furthermore, we
conduct a comparative analysis by applying the multiplier to image processing tasks.
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ATYAME AHEes 4 T HAY HE

HEoll Al Al el ZAF 4-2 HZE A ]l
T “X4rg ZE3te] eLR/FE HAESIT 4

(21), (22)&= [11]elA AItd FZH AL

Carry, Sumel| o3t =g]2jo]u  [11]°]A
Carry = (X1X2) + (X2X3) + (X1X3) (21
Sum = X3(X1 @ X2) + X3(X1 ® X2) (22)
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713 4. Approximate multiplier architectures: (a) Architecture of [14]; (b) Architecture of [15]; (c) Architec—

ture of [16], [17]; (d) Architecture of [12];

of [11].
Ayl AzAA sze 29 3. Wl
ekt gk

2. Approximate Multiplier Design
[14] oA AlkE A A A E 8X8

B35 gle Dadda Eg FA7)o] A &3)],
ol T3l AP wAVIe Al wAE
qes  Hrisith, PPG  wAlelAlE AND
ACIER B ¥5 A4Sk,  PPR
A= Bt w52 Hdl Wl e Por

Zo]7] 98 R WA A=E 4 /M Half Adder,
1 708 Full Adder 2 7 7] AF A A
[14] 2 AFg3th & W A2+ 2 719 Half
Adder, 10 7R9 A HEHA [14] &
ARRSteE mpA e dAle A= AE] Aw)
7}A7) (Carry Propagation Adder, CPA)Z
ol g3 Fit w5 F WS Aakstrt uhEhA
8x8 Dadda wAl7]9 HF4& 3FEoe= F
A 4 43 6 719 Half Adder, 1
Mol Full Adder @ 17702 A AZH A
[14]7F Z sttty o] A A7) A9
AL gt FA7] [8lel wlE] AdA
A Ay ARE Folv ZloAR, 1%
Al F A& Fto] AUHoRE Fopxitt
[14]. 19 4. (a)ollx= [14]A4 Alekst AL
AZYAME o] gst A FAT] FER7}
el ok T [15]9 ZAF FAVE=
[14]1¢} =Y+ 8%X8 Dadda FTA=
AFESFIATE, Dadda w4719 3¢l HIEZH
FA Ayl S FFshsd A
s sty webA Al 8HIE Pl
At 4-2 A=A [BlE ARESIG
Aord ZAF AZY M= HE3H

[15] 1A
I AR 7R AolE HAFE] SlEl

<3 THEC AHgdr " 40 (bl
[15]ellA Ak AL HZHAES o] &8
AP FAVT FR7F dERg gl

AP wAZIE AZANE AR
aAg W, 72 5 #AEE AT F A
T9 T4 WAl C-N ¥ C-FULL

(e) Architecture of [19] (f) Architecture of [20];
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(g) Architecture

flo f
]
M

T (Configuration) ©] ANFH O Z AR&-
[21]. o]#3t #a w2 5
o5 F /9 o ZFQ T olF
2] 28 4 7] (Ripple Carry Adder) 2
kst HFE w4 E9€S Adste s
HEE Itk C-N 742 HATY] eR/E
=ol7] gl A AZYAE F 3

oo

el A Al SAF HAEZYAE
TN, [17] 9A AAHo=E AtH
AP AEZYAME &8st FEEdY. 19
4. (d), (e), (D, (@& Z+7+ [12], [19], [20],
[11]eA  AQkd HEZHAE AFESE AL
wAZIE UERdTE 39 4B Es HE
ACIEE AMgshA]  gkar HAbste] [12] 9
[19]° 4= «0000”, [20]94= «01107,
[11]°14=  “01007S A= ARE-Sio)
Qlof| A A sk 2| Error Recovery
Module g3t HEZHAE HIFOCE
AHEEHE At HEEel Pl FEe 4-2
AZYAMS Cinez dAdxo]  ARgETh
(111X = A #HE#EAe g X447}
“171 A, WA 4y Fhel AN
Az Aol AEgst dypel A Aype] Ao,
D = —1°] 7] diel| Error Recovery
Module & AFESHA] ka1 A} HE A9
Ay X4RES AHEste] o /& BEAMSISIT

A
]

Mo

. "

of AdeM = kA TR ZAF 4-2
AzdMss olgsto] 7z AR FA7 el

TSE, Vol. 2, No. 4, Dec., 2024



S, 4B DA 42 HEY ML SH7| EAH9 22 AT B

sk oy &4, A4 Ay, oju|H Z =AM MRED, NED #e°] FA F7H¥sS
g5 Ayt Hol&Eth, ED MAX 9 & [14]7F 7+%

=3 [20]0] 7FE @A 715 AT

1 oﬂa{ —E—/E} ¥ 1. VARILOUS APPROXIMATE MULTIPLIERS ©| ] 4]
8 HIE A wAT W& F ‘
65,536 7]_21 75]%% EH)B]—_Q_E I;]_OO]::J__ 2‘[3_'_ ‘Design MED MRED NED (107%) ED MAX
X]E% %%é_‘ _ —9%— -ET—/E' O] "F‘gﬂ%q— hx[alci][SJ 331(()).95 4.1295 5()(.)92 8:96
AR w7 e 29 EdE @F A9 (Error [15] 4210 | 0.0077 0.65 216
Distance, ED) & A}g3lo] H7l€ . ED & [16] 134.74 | 0.1509 2.07 584
i E}in 7§§j_,—6‘j_— %E_]:] %}-(Exactl):ﬂ} .E/\]. %E_'ﬂ [17] 58.15 0.0116 0.89 912
Glpr)n HE E G oW 0| ol e |
]:]E]-—)\g—a—]——“i; ‘9‘% 7ia94 “er/H %)‘—% "er/H ‘9‘% [20] 27.51 0.0069 0.42 219
A7 Maximum  Error  Distance, ED 1 58.91 | 0.0177 0.91 239
Max) 2kt stth, H 25 Al (Mean Er—
ror Distance, MED) K= ED ¢ <= 2. &4 AT
UeRle n & HIE $E ov] @ B thersl A} 4-2 AZHAYG  ZA
4ol 27 A (Mean Relative Error Dis— FA7]9] B4 e Verilog HDL & AHE3ho]
tance, MRED)= ED 2 &% FHoE 45—nm CMOS ¥7°l|4 Synopsys Design
ol AtE FAge 3AVIE A7) 9 Compiler [22]¢] Ag3sto] F=aHT}. *
7o FdstA Rlud ¢ EE Aats 2 = A 4-2 AT} Tk A}
2% A8 (Normalized Error Distance, 4-2 AxFPA e TAH AP wolZu)
NED) = E£3t, olejst Aig F3 A (1419} wimge o, [15]9 [16]e 2tz
wAl719] Adsol E7kE A A (23), (24), AHL 32.02%, 15.05% 2 A4
(25), (26)= #2 ED, MED, MRED, A3HE 16.90%, 68.31% Z7+akgich. 181
NED el dfet &+eltt [8]. HAe  1541%  Aasdn 2.93%
7k wbd, (1712 [14]1¢9 [16]°]
ED = Exact,— Appr (23) e Ae, A9 AR, WAl BE Zre
1 oo d3ts mojErh [19]1% [12]19F wlaato]
M}L?L):ﬁz?:1 |ED;| (24) Ag =)ol Azk wWHo] ztzh 28.12%.
57.23%, 31.53% ZF7Fstqich.  [111
MRED = — 527 1P (25) [12]¢} [20]°] ®l&) A& zt7 9.52%,
* 22.07%, HAH 2 16.63%, 20.82%
NED = nl 22?2711'5?;' (26) M=o A A Al ke 0.13%
@ 2 Z718t9a 0.26% #askelch [191& B
T 1 oM chorst Al walz) 9] o 7 7 FEAAE 7P WE2 e ®HAANH
B molzth ¥ 1 oA Exact [9]%= (121, [20], [117 mlaf g, = Az,
e Axe FHse FAZlER BE wael A e
L A EelA = ArEdvh (151

[16]> [14]¢} wlwstey 7272} MED &
98.73%, 95.93%, MRED * 99.81%,

¥ 2. VARIOUS APPROXIMATE COMPRESSORS 3+ 2 3}

Powe Delay Area Avg. Erro:
96.86%, NED .t__ 98.72%, 95.93% Compressor (;LW; (ns) (pm? I%’rob.r '
2T ] o 9 Exact[8] 8.1305 0.3640 14.82 0

MAERS. B 1712 [14], [16]3% [14] 2.6206 | 0.0852 7.85 100/256
Hlw3le] ZHZF MED + 98.24%, 56.84% [15] 1.7815 | 0.0996 6.64 46/256
. ’ L [16] 22261 | 0.1434 | 808 | 100/256

MRED <+ 99.72%, 92.31%, NED <+ [17] 43316 | 0.1846 | 11.21 19/256
S R=Kee] = [12] 3.0775 0.1543 8.12 16/256

98.25%, 57% 7N A= gt [19]= [12] 8 [19] 3.9428 0.2426 10.68 4/256
MED, MRED, NED 3%ko] Z+Z+ 15.97%, [20] 3.5731 | 0.1549 | 8.55 16/256
[11] 2.7845 0.1545 6.77 64/256

16.85%, 16.67% ZF4EASS HojFth
[11] [12]¢ [20] wlmyS w, MED,
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Barbara

(c) PSNR = 50.72 dB (d) PSNR = 53.45 dB

(e) PSNR = 55.99 dB (f) PSNR = 56.42 dB (2) PSNR = 56.76 dB (h) PSNR = 53.61 dB

719 5. Barbara (Image 1), Houses (Image 2) & ©] €3} o]n]x] ZdY ¥4 (Image Blending Process) ¥ E#d ¥
o]u] #] (blended image) : (a) Image using [14]; (b) Image using [15]; (c) Image using [16]; (d) Image using [17];
(e) Image using [12]; (f) Image using [19]; (g) Image using [20]; (h) Image using [11].

¥ 3o Asksk was|el therst A} Abgatdeh o] WS Xilink  Artix—7
mA7)e BN AnNES molZuh. [14]9) FPGA (xc7a25tcsg325—3) 37 o A
mumae W [15]9 [16]9 Age 77 Vivado 2024. 1 &5 AFg3sto] FdFHAT
54.24%, 38.18%, WAL 24.52%, 18% 1% 5  Barbarast Houses —©l¥|XF

ARERE olux] B/llY w19 4ol 9=

2} FANES A4 AgE onAE

Zrhg W, A9 ARe FAarh

Aol dddatet v R, [17]2 wolzth #3 A% o A HE(Peak
(1412} [16]e msl ¥, AA AL, Signal—to—Noise Ratio, PSNR)2 o]w]#]
wWAol mE Frket AdE et A g Brrehs H g ARSEE HEolH,
[19]1= [12]19 w¥uge w Hgy, A o] Fol =w=ETF olmx FAo] e
Az, WA o| 77t 3.49%, 4.34%, 2.59% Uebdth.  PSNR - @2 24P wAVE
A, aAel e a0 : o Abgstel BalgE ol g Aae Fa7|E
stk (111> [12]¢F [20]1°) W]s) e o = -
- ARESEel BRIgE oluXE M| Eke]
ﬁE_I]'O] ZJI—Zl]- 475%, 697%, Z:],'_/;j_o]':ﬂ, %7}Qq
Aol #Azk 3.66%, 4.52% #AFToH, ¥ 404 thet A+ F417]¢] PSNR
A AR 0.05%  S7FeRlal 0.33% ## 3t PSNR  #k(Average, Avg)<
7k Al ok HolEoh [14]19F vluRyS o, [15] ¢}
[16]°] <+ PSNR #2 S7hpsich 53],
3 3. VARIOUS APPROXIMATE MULTIPLIERS &4 4 ¥} [17]% [16]5ﬂ Ig—‘._lL PSNR %}\-EI_E]- 7.74%
Multiplier Power Delay Areg %7]'6;]: @‘ﬂ'% Hs’j\‘:} [19]}5 [12]3] jé)]_\‘}
Exact[8] (gsf) 2(6?756)36 (51m2; PSNR - glwtt 0.54% Z7pgiom, [11]3
ha 165 | 24227 | 36471 [12]¢} [20]e] w&l Z+7; 5.18%, 6.33%
5 4 . O I o ES o] S7
| e | | S B PSNR b 1Ssisich ® 1
(171 2726 2.4297 458.48 ¥ 4. APPROXIMATE 4—2 COMPRESSOR & A}E-3F T} o3k
[12] 238.1 2.1277 | 401.81 A} ZA 7)o wE olulx] T A4 e PSNR 7
[19] 246.4 2.2200 | 412.21
[20] 243.8 2.1358 405.44 Multipli Barbara Crowd Lighthouse Girlface Ave
[11] 226.8 2.1288 387.11 MUHPEET ] Houses | Clown Couple Bridge Ave.
[14] 24.17 | 20.22 24.02 20.44 | 22.21
[15] 55.49 | 56.25 55.16 54.44 | 55.34
[16] 50.72 | 49.47 50.08 48.13 | 49.60
3. olu|x) Z2AA A& o | anee | sees | seer | o | e
=2 AR N hva 20 o] & 1= [19] 56.42 | 56.73 56.09 55.86 | 56.28
9 ij;_ﬂ] %ﬂ_ /\?*8-H—oi‘i%—.;:ojﬂ 821: [20] 56.76 | 57.15 56.55 56.23 | 56.67
A wA71E N8 S s A B [11] 53.61 | 53.56 52.71 52.42 | 53.08
ojul A 49 (Image Blending) &
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Aite] wEw  [19]=
NED #& © 9A Yes ey MRED, ED
MAX #2 9o =4 715Ut o]yst
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S JEld Zlog B
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H|E AF
A et g
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