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Acceleration of Timing Fault Simulation for
Fault Diagnosis of Single-Flux-Quantum

Logic Circuits

Hiroki Watanabe
Abstract

In recent years, single-flux quantum circuits (RSFQ) have been actively
studied as an alternative to CMOS circuits for high-speed and low-power
logic circuits. SFQ circuits are expected to follow the same trajectory as
the evolution of semiconductor integrated circuits, with circuits becoming
larger and larger in the future, and microprocessors and other arithmetic
circuits based on RSFQ circuits have been designed and prototyped so
far.

In the case of semiconductor integrated circuits, information is trans-
mitted between gates and other elements by means of high and low electric
potentials, but in RSFQ circuits, information is transmitted by means of
voltage pulses. In addition, in RSFQ circuits, logic gates have clock in-
puts, and the gates operate in synchronization with the clock. If the pulse
arrives at the data input port within the clock cycle specified by the clock
pulse input, the input logic value is 1. If the pulse does not arrive, the
logic value is 0.

As with CMOS integrated circuits, RSFQ circuits are also tested to
ensure that the functions of the manufactured circuit are implemented
correctly. The test is done by inputting a set of signals called a test
pattern into the circuit and analyzing the response. In recent years, high
quality testing of large-scale circuits is required in integrated circuit man-
ufacturing, and as many possible failures as possible should be detected
and diagnosed with as few test patterns as possible. For this reason, a
test pattern generation method that can generate such patterns is imple-
mented and generated by a computer.

In the RSFQ circuit, since the switching speed is as fast as picosec-
ond level, the effects of wiring variation and operating environment are
relatively large. Therefore, it is highly likely that the gate functions dif-
ferently from the design due to the change in the order of arrival of the
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pulses at the gate input. In a previous study, we defined a timing fault as
“a difference in the order of arrival of pulses to the gate from the design”,
which is not found in semiconductor circuits, and proposed a method for
generating test patterns. In the process of generating the test pattern, it
is necessary to run a large number of fault simulations to reproduce the
timing faults that occur in the circuit, but since running fault simulations
is computationally expensive, optimization is essential for generating test
patterns for large-scale circuits.

This research aims to improve the practicality of test pattern generation
by accelerating the simulation of timing faults for fault diagnosis in RSFQ
circuits. In this report, we consider a fault in which the order of arrival
of pulses in a single gate of an SF(Q circuit is switched at one point.

In the fault simulation, both the normal circuit operation and the op-
eration of the fault circuit are simulated. In this method, we focus on
the similarity of the behavior of the two circuits, and in the simulation of
the fault circuit, only the gates in the region that can be affected by the
fault are simulated to reduce duplicate calculations. In addition, since
the gates of the RSFQ circuit have clock inputs, the combined circuit has
pipeline operation. Due to this nature, there are stages in each clock cycle
that are not related to the test pattern generation. In this method, the
simulation of the gates belonging to these stages is omitted to improve
the speed.

In order to evaluate the effectiveness of the proposed method, we con-
ducted speed comparison experiments and measured the generation time
of test pattern generation using the proposed method on an existing com-
binational circuit data set. The proposed method achieved a significant
speedup compared to the naive method, and it was shown that the pat-
terning generation could be done in a realistic time for the circuit data

used in the experiments.
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7RO EEER RS, K24 HOREBETHRET 224 IV 7 HETin0 A 1
IRy VRETHIGEREER .o ZOWEICED, AR ATEIN B
372072 AND 7 — b D oOVABH N ENZ R D, 7F— MEREDZE(L L
TLEoTW3, ¥/, inlA1r7may ZEIELEIGE. ZOMEICED,
AR ENZNEI T 572 AND 7 — FOSAZABHTEINTLE ST
BH, FRRICT — MEELELLTLE>TW3,

DX 2 ANDF— MW UTHETZ X4 IV HEE, &FA
HAR=MINT 2 0L ZADEIERZLNDOAFERE LTERE L DRI
TR,

SEARFERERE TR



i0(t) < clock(t) < inl(t) < clock(t + 1), or,

inl(t) < clock(t) <in0(t) < clock(t + 1), or,
in0(t),inl(t) < clock(t) < clock(t + 1), or,
clock(t) < in0(t) < clock(t + 1) < inl(t), or,
clock(t) < inl(t) < clock(t + 1) < in0(t), or,
clock(t) < clock(t + 1) < in0(t),inl(t), or,
in0(t) < clock(t) < clock(t + 1) < inl(t),or,
inl(t) < clock(t) < clock(t + 1) < in0(t).

ZORER LB B in0(t), inl(t), clock(t) 32 By 294 20t 12
B 5 L ADFIERAE LT, K25 0RT XA 3> 7R 117E
AATHORFTORENLAFRICE ) 22 FAE. BEDOHENEX
(LENT=bDTHE, AMETIEZDOXA I ¥ ZHMENTHT 25 2 koS
& VHERTFHOBAEIT S,

2.6 EIRTFRAFETFRAMNZER

EFEDOT A b ik, BICHZ XU B AN L, FRUSHT 2 h %
BT 2T, FREFT LR LEH DB LN 08 5 0 OMRE T 5
e THbd, 7A MDD, FEBRICHERICANINE ARV ZT A b
RE WS,

T T 2 b TIXFICHBEO R » 2Wiosdd b, BB Tl el oot
T AMIEDOEHEDRAL, WIEZWT T I EETe R EOEEO N E % H
e LTWb, iz, BEREOZDHDT A TR, 72 &R Y|
R WOTEEFTORFEIZ T E RV, BEZK DD T A M TlE, 7
A R REZ HNFFROWHHPEEFTOREN T E 2 & WO R 2o T 3,

—DODT A RRX N X o THRESCEMIHN T = 2 FIZRENZELT
L, ZORODEBDT A X U REICATITZ2ELS, HES
N5 EZ TR - ZErT 2BIckd o s,

RSFQ [MEETDOT A M X Y OFREF. FEITOT Nhy 7 RGEDN
BHETFRTH 20, BRRWLGETIZR W DR TOMEE K S
PIE ARV, T, KHERERICN LU TFEITOT A F & VAR
WEARAIRET H 5, ZD7D, FTHEBETIEITIRERERINT X b & V4
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% (Automatic Test Pattern Generation: ATPG) DHETH %, FEIK
AT, 2L OWMREIEATE D, RSFQ EIEEIIH LTHIGHA
BB S FEL TV 5,

RSFQ [HEF&IZ 3BT B JEAREERERER & FIRRICAR & 2R R KD H D |
ZDREDEZ I EITE T MEE N TV B, KEER R TIEE—F
TODIET S FE T 2 A[REMED H 2 EHTIEZ . REBFEZE K225
FIET %, b, WRZEOIERIEZ 7 R 5 25D B 2 K
DT ARTIE, TRAIRZYOERDET SNV, EDT AP RKX Y
RZ BRI U THM L 2R e DM N 2R EDH 570, T
ZEREYOERUET A IR s OEKICERT 2, Ld>T, 7
A M REAERFHEICIE. ATRERIR D 2 < OPEZ#H - B2WrRlREZ /D
ERT AR LR T 2RESIHERES AT WS,

3 BaEMAZE
3.1 [ERESIalL—>ay

REAERIZBOWTIX, BEE2HEET S22 I 2L -2 a YRR E
BEATEIN 5, Ulrich (XIEH 7208 © 8FEFEA U 72 (0] 0 22 B LU
WHEBH LU THERKEDY I 2L —2 a VIZIEREE 1T 2L 2R 280
DAZEYI2L—ar3T b TitBEZHIRT 2 FEZIREL TV
% [7]o RSFQ MEIEEDES 2 2L — a > Td AL AR CIEEEa
Z MEEWV, L L RSFQ I TIE FEREREERE L 13 B 2 amBl s
2al—=—yary7AaVRLERELTEIehD, TREEZEELRK
S I a2l —2ar7a) AR ERINS,

3.2 H—EREFEEDODIAIVIRIEEETI DB
BT X MNEERTFE

RSFQ [HEIC BN T L 2 D EERZIDIEET 2 & R F  Z{L LRI
e 2 BRI IR IC— RN TH %, [8] CIEELERMETHRAE T 2 KR
T OREDIE SO EBEREIC I HET 2020 L TW5, 7
Wi, ¥ — 2T 2 J] OHEBECBIEEL—-TDL VR I RX VR
DESLOEEITATHTETMEL, EVTHh Ry Ial—Ya Yy
PRHOTOBEDOHERS A ZHE L TWS, £/, H25— FOREIEICF
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DT — MZANT 2OV ZDBIEDFE § % Timing bleed IZDWT b
IEREZ 0 L Twd, ZNoDORHHERZH £ 2 Z OMFETIE Timing
bleed &R L7727 A PRX VERFEZREL TS, ZOT R bX
YARFEX D-algorithm 2 X—ZRI/ESNTED, [EIFEOEFRITHN L
THEHOH D HTEEDRL, MEOFELH I ETEMEIETNZE
TREVEERT2DDTH 5, AFFETIE. Timing bleed IZDWTIE
D b 7awn,

3.3 HMERBOEOHDEAZIVIHMESIaAL—23>0
=3t e

T H RN XS ISR 3RO A2 BEET 27 A N TH
D, X4 IV IWEEBHT 2720, ATIREVDODRT7EZERT S
TT R MRRHNEERT 2 FELREI ATV S,

ANDBRTTHDZDIE,. ZA I ¥ T HIEPREEINGHEEFEEZE X T
LESDDTHEDTH2, R7THDBILIZEoT, F'—rD—F
DANPBEZZEIRRARIC TN LT, ABREZR TN
72, WEL-HNEERICEONS, EREINIZATIREZORT %
MOBRUBES R 2L —>a Y ITAHIL, B ot R e LS 25
TTAMRRHNERD,

KB ERICBNTIHES S 2L —2 a3 Y ORITREEDERT 2 2
CHMEEEINZ IS, TAPaAZXMOHIEZHE LzES X 2
L—ya YORBEERELTWVWS, ML L TEZHTIEER 51K
[ES I 2L —aryoEERRDLN, TRA MR FBELS LD
o HMEBWM DD DOMES I 2L —> a Y OEB(LB AR TH 3,
Lo L, WEOE OB A BIREF A OREZIT S 72 Zh
PHEEZ TR R T 2 RED D B,
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4 REEFE

4.1 B—HEEREFEIRICHITZIRAIIVITHEDT AN
AERFIE

4.1.1 HE

MR 13, iR X512, MES I 21— aryoihh
SIEE T2 —BICHB T3 e Th b, HINEZ, H—D& L IV
bei 2 B LT R EIFE D H %2 Bz, WPREERr e T — BRI T X 2
WOTAMRRR N BERTE 8 TH D, FITHIFETIRE SN S Ik
WL, BERE L 72 WEE T — & L RETE NG 2 T EEE AT L,
TEBEIANDOKEEZZHTEE T A MRE—AEE T2 DTH
%o RFEDTOFIHILITOMED TH %,

1. VR LZ3HADT A M R& VH AR L. 8l L CHEEICEI
35, ﬁﬁy‘lv al itk b, IEF—HI Lo TETOR
EMEDEEDHE T 5,

2. FERINATVARWL, DEIINHrEEOH T, REPRAT
HEHDEEDRNE LD 3DODT A FRAR /5”80 (po,p1 p2) %
EIRT 5,

3. —RANNRZUF| Sy D BFiT=Te R % 5 2 R BIERT . 5
SHE T IIRBICH 7R 2R LT (p_1, po, p1) (E721E
(pl, D2, pg)) %@%0\.7\73 L?:.Hjjjh-g: ->TC, 1. 'C/\i?Uéhf\_ﬁB
BEERHICHEL, BRIDPERAKTHEHDTEEHPRN IR B 8
BREIEIRIN., ZOBERHAINTEBEDS p_y £7213 p3 23Sy D
SEEHEZIIRRBIEME NS, BIMXNTAINIR 0T & V%
S, & LTIRFS %,

4. FEEIND TR TOHEZHHIT AT T, HES N HHEDIZ
EAEDHBITE 25513, FIEG6ITED,

5. PRFE U 78 & VB IR TR 2 51l LAE L - BfEZ B8 2 720

A3 . OFEZZ#EDIRL AKX HZEBMNT %, BIMEEDIERLT

%M SHED HIRNGE 2R D Fil IRE SR HED B
BIEE CALE 248 D KT,
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6. MEINZHEDIZFE ACPRESNGEE, XT vy F71BXU
AT v T 3ITHEREINTT VR LRE— T K D727 &G DR E
ENBWIGEDRDLZHB, WTHUZILTH SATR—Z2D7 LTV X
LERAWCTEY OWEOY 72y FEREL, WHEKTT 5,

FEOWEDMHE XFT 220121k, BESINLIWEO—XH 13T
NTOWEDHTRR D Z e 25 T 20O NDBRBETDH L, X
AT 2HEEDHIKE VL EEENIEFICKRE 5720, HET 5 HHE
DRNHIRZFHRT 2 Z e ZHELTWD

1.2. T, WfE>I 21— /a/%ﬁﬁ%f RO EMTENL T R

& VBRI LOASI 2 KT 5. 3. THREDHIDKREF 135
SH Y EE U CTHINS 2 82 YRR L TW2 DIk, BIEEREADER
FHAMATZ 22T, TRAMRX VIOEXZHIB ST 27-HTH 5,
S 2 2l —ya Y EAVEAX VERETHHRET 2 0K EVigkE
MR BB 2FETHITT L0, REBREKIINTZ T A MR U4
BREITOI%E. BARREBOWIES I 2L —vavdftbhd ek
o RETEIDHLWVEEBIZOWTHES I 21 —YaryDhike e
HIZFHAT %,

KETE, r—rparyhrrybrze—FREREZII/Iavy o 7%
n—7—&5AN (BEA) Truy 7fHaans 74 — K 22 8%F R
WEEEIZH LT, 1 A4 2 VTN EEE X 5, F7z, SETHZETIEN
FEZWIRZ /X /2%, 5RD DX VF% SAT R—ZXD7 V3V X L% H
WTEHLTWED, A Ial—3aryR—ATDTFRA MK V4
OE#EILEEL LT0WE20, TOEERTIEZ2MHEEIT-oTW5S,

4.1.2 HETFHETHUVLONIHES S aL—>a3>FE

WEMED2DDT A MR VERTIE, BE I 21— a v %H
WTAER L 728% > OIFERHBEN ZHIE L. IO vz > ok
RIS % 53, ﬁW”M?XFN&VEQT@ WES I 2L —>ay
ZRHOWTAER LI RZ VK> TREBIEOREEZ7EHIT 22 2T, %
RDEIWARR Y DEERITI,

COWEY I 2L —2 a3y Tk, AT Nz 8K T U THREEN S
Mg DB %, HEHED IEFICEELGa .. WEIFHE L -5E
Jivialb—yarl, BMEOEENNBEOHINIHET IS %
HIET %,
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R EEE D NS E L TR, 2D X I & D Z DEZ M
HAfgEr 2 b, HADPHE—DBDTH D2 L TZWARETH D L\, R
EMEREDFENE, K 4.61TRT X 5 ICIEFEFERE & REBFEICNES 5
HIERE 2 HE L, ZOEBINTEHRES I 2 —>ary71ray X
LATYIal—>aryI33ETITS,

: fnn
iny

0y —.

X 4.6: #fE> T 21— 3 Y TCOREREESDHE|

HAELZEFERBEFOICN L, 2R Z2hoifEDRRZ D 5 2 58 721305
IES 5 XA IV ZilEZ FB L R R R 2, #FE 1D Z LI F1LF2,F3,,,
DESICHET 2, ZOHEBLZIEFERR, WERFICHL I VX o
B L7z 3HORR VBB EZEHML, 2O NELIET 3,

X 4.6 D X 2 728 (ing,ing,ing) I L TH B2 & p_1(1,1,0)—
po(1,0,0)=p1(1,0,0) Z AT 25 E52E X5, ZOE. 3ERZ AT
2DF. XA IVIDRAVIZEBHTIORED RN N1 215 2 B D
27.0THD, HRI2EBBHZIBE T2 ZEMNTE S, ZNENODIE
HEEg, WEEREICOWT, 2B IRMINT 2 N E2 T 5, EH
B FO D 2 BEH SIS 2 H 7T (00,01) 23 (0,0) THZDITR L, k&
[ F1 D 2B HBEICNIET 2 (1,1) TH D, WEELD % & HH]T
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X2, FMWEEER F2ICBE L QX2 BREICHGT 2H I F0 2 FIT
(0,0) TH D Z DL F TIEHFATERY, D XS IZEhE ST
LRI e, IREBFEOEEZTEHIL T\, 738 L 7ARER
ROESDHF TR BEEBPKREVSEOEXZEEL L, £/2RXD 5
VELERT IR BB B LERKOEIDERINTHZ D DEEK
32, ZOEEEZLV—-TFTXEREZEYRL, H2HINTHIET 218
EMEESDDEIOR XN LI o 1. ZOIREREIZZH A RET H
B WVWR 5,

OB THAL 72 & 518, BH—RE B FEREER R &
WFERB B I 2L —2ary 7Y ZABRETH S, BRIATH

P I 2L —ary 7T YRXLTHY —+ N lzEomgkE T 7
Oy ¥ AN TTIalb—yaryTiGa, sHERIE ONT) kb,
ORI LT K HORERFEEZHES I 21— a2 > F5i12E. 1E
WREICMZ, K HOWELZHET 2EEEZS I 2L —ay3 40
EWHb, KD, BES I 21— a YOFEEIX OKNT) &
5%,

X 4.6 TRLZZDDIEDH 2 7 0 X LIERI Nz 3HHDRZ > DIE S
Salb—yarThh, FHBRIK BFERRXVEBEHA TS ET, £l
SN B % ZOFHBINIZMFERFE DS T D IR X2 TERS
N, KERBZZ BT, IRGE T 2 EEDE D SN U $ 2 B R %
HIZ, FOEKBOS I 2L —a YAKDERS» D, REHRRED
BARBEEFEET 2720, TRAMRZ U ERTIRERTERVWIHE XL
W5, Fley TAMRERVERTAVTY X LBERD T VX LERE
FAWTW2E 720, TARRXHOEZDOHIBICIE T v X LERT 5 Y
VINBEERPTRHEL DL, Y TINVEBHBEZ B ik, HE
a2l —varEEITTIRERD DD, TOFEIAMIT A RS
2 DEIZHED B,

4.2 BRAZIVITHES I 2L -3 DERE
4.2.1 HE

AR U7z & 512, FATHSEDIEZI| D 72 % O B —R R & T EE% 12 B
FBEAIVIHMED T X PSR ERICIE. BARREROWRES I 2
L—avDFETEET LD, @y Il —Ya yEHWHEMR
TETIIZRBREEREDS 2o TLED, 2 TARMY TR, FHEax
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F DD VR RIES I 2 L — 3 YFREREITIFED & VAR
FEIEAT %, KX TIRETIMES 2 21— a VTR, BF
DY I 2L —2arDO7 NIV ALE2EHL, X4 IV 7HfEICEB
3T A RE R TIEIMNEORWHEZEKT 2200 h%KIC k-
TEdbER %, F3—oHIX, [EFEE & DR DS H) DRI
BXNZHFLIMNIFREI L TH 2 720DF DD D EICOWTHAHZ
TH5HETH S, 220HIE, SFQ BIEEIET — F LALTHRA T4 1k
INTWVWBED, 7y 7P A 7L ICEHET2RER WS — 23
FET %5, 207 — FNOEIEZEMT 2 HETH %,

INHDHEHTOEBMFEDEMNLR T LT Y X LRFFE LWVETAER
HIT D [ S 2 RETLIRE TR 5, £72. 2o OFHRIZFERICOFH
TE, BR25HAETH 2, ZOMHGEIREAL TS, MFED
FiHARICRR B,

4.2.2 P27 bRIA->DIHEAETZIFE

Sebd Ulrich 2SRRI 2 AFRIES S 21— a V THES I 21—
¥ a rzefTH B IEE R & SRR O EOEEFHLL TV d & Wn»
SRHEEFH L CTEB LRI ToTW\W5, AFETHRIBORBICEFEHEL
TENRLZAT S 25, BERZEEIOE WA 5, RSFQ [EE TIRA O
PIal—yarFRCESVTORIESRY I 21— a VEITEBIN
BHelb,

RS CIXIEF IR & HPEREE O Z 8O EMEZ FH L. IEFEEET
D¥Ial—Ya iERe, WERRTOY I 2L -2 a3 VORBER
Ry EHENED T,

SEIMEZX 2 TR D T A b o8X VAERTFIEICBIY 5 7 A F AR
DEFEE. HASGDOENBEETH S Z EMNFifRE Lo TW5, £/2. IEH
O & & BRI O AHE RUIXBFE D E /T H D, ZFENDE WD Z DIFEDS
RELTWE7— MO NIDBHET IZHBTOAREID 55, Liho
T 7T A MREVAERFIRICBWTHIERE OB E 1T 5 EidX 4.7
DESRCHEL2T — YOI ETZ 777V ba—rv kb,

AFETIE, WEIREELEZS— D7 707D b a—rDARER
BDOYIalb—yaVEtBEiTW, 77077 ha—y8or— MdEt
HE3, ERDBOFHEZHEVNEDLS, MAT, #idLizk 52 SFQ [
BTIHEOMREY I 2L - a Y FEMFHEL, SBT3 75— 0%
EERERO PR —ICREDOEY - LV RN EHEBETIDEND S,
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in(» V outgh e ] Y
inl:\"} G3 % G8 ou)

= —— outl

me Gl oul_glL Fi%i
clock clock clock

in3 V V
G2 out g2 G5 out g5 G7

Fanout cone

n4

X 4.7 W s B ]

FoT, MEYI 2L —>a VETEDORMLE Y LT, IREMEHIZZN
PRET S D777 ba—Yi@T 57— MOEEEREITEL.
FRERBERFETCIHNG 2 2 /51E 5,

Z O TIE, 7 A MHROEIEIHAGDEEEOATH S LWV
HEPHHATES, ¥—+2/—Fe32282T, ¥— MNaALOEHREEZE
SRS 2 AN BRI ST 2HEMZ 7 7 mEEr 525 8,
HHAEOEEEEIZIEKEAR 7 Z 7 (Directed Acynclic Graph: DAG)
b, BBIT— D777y ba—VIZET RS — FOEEDEE
. =10/ — 0 oEERRER ) — FEVIZET ZHEEE FiTH 5,

B IPOATDABIC 1 AT =Y FDOF = D777V ha—
VEEGHEZHOWTRD TV, HERT—YDFHEIMDo7D &,
RDORAT—YDFETHERCHAELZZ 77V ba—ryE2FHLTE
HEZHRL T\wa,

RSFQ EIf&ICHBIF 2T I 2L —>arTlE. =AY Ial—
PaYIhBEFENEDL->TLES &, EEORBEOEFH L Bix ks
FOEFHELTLE S, ZODHEEED b Ru Y =12 W THEY) 2 )IH
BTY —FENTF—POEEETILIY ZLIZEZ L TERLRWD,
BEFETE., BEXRNEINTVWEZF—bZ Iy Ial—yary
RET7U77ba—vbh, ZO7 727V Fa—ryE2RFHUH
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LTY = F2TORINIZSR VY, ZZTARFIETIED S5 — F3E
AN SMBEE ZFTRE LTINS ZHE L. Z0HFEZHVWTK
BOF— MEEERW IR Z 5, #IHHLIEOK TR, BfE> I 21— 3
AT,

777U a—rOAHETAIHERBEDOS I 2L —> 3 »TIXME
BEANDANRI, [EHEEREOBFRES. 7 ay 734 7B, IREWRFEE
B, REBFEICNIET 27 7> 70 b a— Y OFEEZITED . 2HFRD
MEERIZ 15 %, 2 2TV REBIE L T EENFEET 55 — b,
ZD7— D YOI U THESFET 20, BERBIEY S 5D
FEDFAET 20 DEREFFO=DOMATH 5, IEFEHEOERESL S
Z5HAE, MERKEES I 2L —aryT 3 7y 7w ba—yr
DA OFEBIZIEFERDOS I 2L — a VERZBEAHTX 30, #
DOEFROHMIMEEIEE T 52 72DIC5 2 TW5,

4.2.3 NT17514VHEDHFEZFRT I 2RLFE

REFHED 2 2HEEI A o4 UREZFH L m# (b TH 2, 22
TIX SFQ [FEE D4 T4 URE il I 21— a VITBIF 584
VAR MRS — DY I AL — g VIZOWTHHT 3, $2. F
NEBEZ I 2L —Y a VETBEHIRFEZHAST 2, 2L b
Ja—ray XY HATIRTOTF — MFEEXNTWS SFQ [HEIX
17v8v 2217 = b3OEEXEHT 2, ZOFEL»S, SFQ EIFED
HAEGDLEEBIIEBDNSA TI7A VAT =65 AkEs, X
A T4 ORMEDLS. ANIERD 7 vy 734 7 THINCE
ET 5, ZOB, ANDPHANCERET 2FETOIXRTIZRry ZH A 7L
WBWTROLNT=A T4 VAT =R IBEDANNCEET 255
PHRFFLTWS, TAMRERUERTIEX, 2 DDR U EARR Y DER
YLTCHBBICAN L TGEOBIES I 2L — 3 Y2175, K4.812[E
IR L T2 VER (0,0,1,1,1)—(0,0,0,0,1) —(0,0,1,1, 1) AN
L7560 7ay 734 270 3128 5mBED DM E RS,

72 ar 24 THALL SFQ BIRICBT 2 I a2l —>a v F
ETE, 2209y 79 A4 70Ty — P NZET R I 21— arElT
Ho KoT, NEXVERBICHHEL ZMEEZ AR L TOWRWRAT—U%
T Ial—rarylTwdlehib,

4.8 TlX, AJ1R > OBERIMH S mHEZ RO TRLZ, AJIX
X—F3 vy 7Y A IR T, @mE (outgd, outgl, outg2, outg3,
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clock o clock clock

- out_g0
in0 =£ LL—
; G3 ~oa G8 out0
inl
| L Vi 1
out_g3 y }|
clock clock G6 clock

1 0 out_g4 v,
in2 . t obh outl
e G1 |out g1 G4 o _':_

clock clock clock

in3—— 1 vl v
ind out_g2 G5 out_g5 G7

4.8: 7y 7H A 7V 312BIT B B OFmEE A

t g7
1 out_g

outg4, outgh, outgb, outg?) = (0, 1, 1, 0, 1. 1) IR ->TW3, ZD
LERKDEINA T ITA AT =T 2, 3. AT ATIERICEE
L7zimBfEZRE L T05, SFQEEETIZ17uy 2 H7D 17— 1h
BEEEIRTZ2DT, 70y 734 704 TlE, A7—Y3, 4, 5 HBEHE
I HmEEE RS 5, 17uv A0y 734 704 TlE, A
T — 3,45 HEE T ZEEE Y R T 5, BIE T imEEE R L2 W
AT —=DF, SR VERICEBFRTH S, Lo T, AFETIE X
VEBRICHARLBEVWR T =Y DR | GEE(bD - DICERT 5, RSFQ
mDOEEr ZhFhoray X 7 FARbrUX, &7y 794
INTEDRAT—T%3Ial—aryIRENPFETEZ, avhlL
Yhvu—2nayvx AT, 1 7y 2RIl AT —IJEEN
S22, 7avrH A4 ZABEMNTs2Z8ICIal—>ary
REZAT—=IN 1 AT —IFTORMHELTWL,

MR R I/ any 7 7rn—7 =270y X 7R THEEIRTY
7oE. 1 7ay 7% A4 7 VTHHETANDIEIRT 2720, 1 7y s
BAZNLVHTYI 2L —3aVIREXT—JIRRAT—ITH 3, %
2. 2007 vy X ARAMNREET SEBEOEE, avhL v ya—
sy X7 HROEKIZS — P RICRAT =Y KXYID, Zav s T
n—7F—&Z70vx 2 FAOS— MIERL TEETHEIC1L AT —
D LTEeDTHEH>DELRD 5,
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4.2.4 WFEEHBLIEERL

FR U7z 2 DDFFFHCEEDLBES I 2L — a YO SBT3
52K E, T TRHFHATABORIMLEYLY > I 21— a>icoD
WTHEEAS %,

MFEEHATZIHE. XM T4 VAT =I5 777 ba—
VBT A2EDS — N EHEIREDPBRERGIETRETE 208N D
%50 £ZT, AT 74 VREZRH L 7@ i FEZHWBBED S — b
AT —VDOMIEHELHWT, 7y 7 v ra—r IR T
55— e AT —ITHET 5,

MFEEEZFHLEHRES I 21— a3 »TlE. BBRADANTRY, 27
0y 7% A 7V EKEER, S SREREZS D7 77 ba—>
DF— b e RT =V IXHHELEERORIOEELZ A LT, 2
MROEERYNZ M T 5, ZOHEICE D BREMFEIITT 22 2
L—a Y TIEHRPEDZE T 2HENICE EN 5 8KX YARIZTBEWTA
NENBZREDOBRBICEHET 27— ORI VDAY I 2L —T 1
vEN5,

5 [EREFTE
5.1 FHEAELERAT ZEET—4

ARETIE, IREZFIEZEA LLWEZ]H 7 R b & — VA RTFEE,
NRE—VERRFRE OB R HFHES 2, 20 OFHliTlE. EBRICATF
EET7u o LTEEL, AT -2ty b2 AL, 2z
FATRIE 2 HIE L7z

#Hifli v 2°F 20 Python Cid#R L. CPUZ AMD Ryzen 5 3500U Pro-
cessory XA Y XEVIZ8GBD RAM Z##H Loy Pa—&X FTHEIfEX
Bz, BT — X DI, =Y — L Antlrd THERK L /28—
BEHEHT %,

FHICHER L7 —&RiE, 7R I RR—=VERR, X4 I TN T
7P vy IR DT XNVETDTTOIMCHEICHHINT
WA AR T — &+t v b ISCAS'85 TH 5, ISCAS'851E. A+ 4
7ﬂ&—yim BAIVIMEM., T80 —< v Y IDFI XL

RET B CRHMiICAEBICHFH I NG T — Xy FTH DB, TDT—Xty
Fk@\mﬁ%\%ﬁ%hMﬂﬁk@@%T EWEENTVS
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ZD LD BB AT LTSN 2mEEROME T — 2 EEh
TWa7d, ERANKS AT LZHETT2DERU & 5 REE T3 2
ZEMTES, LL, ISCAS'85 HiI&IZ CMOS £ HD 7 — X £ v
FTH D, SFQEEIZIEZRIE L TWiRW, ZF 2 TARIFFETIE. ISCAS'SS
D—IRDEIEE T — X % [6] TIRE SN2 EE L, FHfic A
W3 Z izl

(@B EH TR OWTEHHT %5, RSFQ B TIZZ7 vy 701
ZWZFEAL T — b DEHWET 2728, CMOS R CTEEXNTMHAED
B [E] 3 D FRFEAURSEE 2 (R 17 L DD SFQ [HIRICEH T 21213, T — &L
AP LTV AL I T bbb IRERDH D, XA IV T %2DD
¥ 35 LT, D-Alipflop ZEYNCEIFICHHA ST 3 5ESE D %, X5.9
WZEBOFIZ RS, b DEEET—XIBWTEEE AT in2 13EHE G212
ATTENTWS, SFQ [HE&ICHBWTIE in2 DE£IC D-flipflop [B1# %
AL, G2ICABEN - vZeDray 734 7L eEbES Y
THmERRREE 2 R T 5, ZDMEHDFRIC, n AN dOfmis — b
22 ANDTF =M L), &7 —hMexLTcarysr >y hzm—
rsay XA Tcray 7RG T 2EONE RS, )

clock

in0 j@ in() j@
ml :>m] clock

clock

N
in2 a2 in2 G3 g

Xl 5.9: [EIF&Z D]

M EEC B W72 ISCAS’85 DI T — & 1X cl17. ¢432. ¢499, ¢880 T
Hb, ZEEEDOEEILD T — VoA T4 VEBEORER R 5.112
R,

5.2 /NEVWEIERTOFE

AEHTIERITHED T A b REZ VAERFECEFLTFEZEAL, 8
2 RIS A B ZHIET 3 2 2T, IBRFENFERER FICEHES
L= % iHiis 5,
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72 5.1: MW/ B DIARN 2T X —&

TRV =M GERER A T 54 VB
cl7 9 30 2
432 1287 2926 31

# 5.2: c17T TOHIE

Base Pipeline Fanout Both
12.54[sec.] 11.66[sec.] 11.50[sec.] 10.75[sec.]

EFERE Yy WERRZHES I 2L —2a ry T 230A0HML FEY
REFEMAZ T0 I 0 LTHEL, ISCAS'SS DT —X% AT]
LC. FEITRBZFHIT 3,

WOWTHHBICHRR S, #fES I 2L — a Yy ZHWE X VAT,
DR USARERBEICH LTRSS S 2L —2 a vy 217905, ZOBE. #i
BlDATL—ay TMDREL o T IRERIEDIES I 21— 3
NI ThRW,

TRAIREXERDFG T 0 7T L T T H2MEIEIX 1.00 & L.
T URLERINDEREZIEATL—2a T 100 AL VS K 5128
FSRA—REREL TR T LAETT B,

YER L7271 275 212 ISCAS'85 DT — X D c17 % A1 L TH 10
[\15E4T U 7= B TRIE 2 £ 5.2 1R T, RDOT—X 70Uk, R EM
ZTWRWHTE (Base). 234 774 VRt 2 FIH$ 2 /57% (Pipeline) .
777U b a—rOARERKEES I 2L — a3 351 (Fanout). .
REFZEOMPELZHHALZHD (Both) 2R LTW3,

ZE, KRZMATORWERTFE, 777V ha—roiazitHE
TBFIE AL T4 VEIWEORHERFIH $ 2 S8 b FiE L G TFED
COERICBWT S, WEZHIR 1 2z T2 TOREHEEZH© =
BTAMRR=VEERLTVWS, AHELZREE T —XOFRTRH/NX
BREETHZ clTITHLTIE, Ial—a B8RP RNWZ s
LD A — N =~y RPREFIRIC X 25ERHIEE L0 2 Z 23
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# 5.3: 432 TOHIE

Base Both
130623.11[sec.] 4314.72[sec.]

BRI N TV, FMRFELIAFEICED 1.16 Fo I LT
WARZ Db, Tl clTTEAA T4 VERDLDIT N 2 b,
Pipeline F-1£23 Fanout F1E K DRI D2 o TW B D3, %4 754 VB
BHHEMT 22T ERILDOFENBTEENITEINS,

SHETIZ, A TL—>a>y T I o X LIERT 382 V8% 100
ICEEE LEHIZ AT o 7243, 100 20 & %R VBRI S U72BE D [FRRITH
FEEZHTER 1 27z 38R Y HIDERR T X 72,

5.3 KZFLEIETOFH

AREITIE, REWVEBIIN L TOFMEAE L 2 OfER, BEEITOWT
DR 3,

cA32 I LZWiBfER 0.01 8 L, 7V X LERINE R EEA T
L—>aryT 10 VWS KRR TIRXR—REFREL IO T LETT
%, WRZMATOVWRWFEL HHFETORAERMZ 2 5.3 1TR3,
cA32 1T RIREFIEEZEA LR WT R b X VAR, AT
EREA LR TIEFEZIIR 0.01 22382 V230 5 d D X
THRATRE ¥ 72 5 7=,

c17 TOFHAFER & R U T, KiERmnd bh3 72 X 00 2 DR [ElFE A
DM Z U A T T4 VEEOBEINZ X > T, HLZeDTE
2EtEED. WRATOFEOROFHEE L IR LU THEITHEML T»
5720CTHb, F-REZWIREHZ T /-0 RN TEIED
RETEDZ NS IEBOTIEI L TW 5,

cA32 1IN T BHHFIETORR VERE, 7Y X DERINDEREZ Y
3EA 7L —>a>T 10 fH, ZKEEZ 1 & UFEO & AR
32237T. M TH ol RE3ITRT IO, EFELZEALRVT A RS
R T OWIEZKIER 0.01 2723 3% > DA RIS 36.28 K 2222 -
TWAZehrbd, WEBZHER 1 238K > OARIR R D 8.95 IRifH
BERNLEERILTH D, T IBENL XV ERFFETH S &
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W23, ZAUIBIEZWIRE 0.0l TRELZ LILOBEEL L TH b
5 X 51T, PFHFERIC K > CTRIBRFFREEHCRII L TW5, itE%
FVEDLTFETHE 00, BRPEICKRIIFZEFENDRLIRD &
fLOFHEBRNP TV, —EDT I a2l —2a Y TOFERIZERKOR
RO KRELZRZIONIML, IaL—>aryoRBBHEZ 270K
TR A CII M2 7 R b o3& VAR O T 12 2 End b s i h 3,

6 FLH

AKX TR 24 IV IZHMED T A P X VAERBRICBWT, ULFRERRE
DOIHLREREERHEDIHIES I 2L — a v OEEILTES 2 i
W LB Uz, BEZRNICBIT 2 X4 IV 7HMED T 2 b osx—
YHERIZBWT, WK OREZLREEZ LD MFES I 21— a i
BWT, MBI L ->THEELRZITIEZTr— b D7 7> 77 b a—rRRSFQ
MDA T4 UREICER L. HITL 72

AT, WEPBAZINDZTF— D77 77 ba—rr SFQ [
DA T4 R EER LT, X VERICEDS WS — D> 3 2
L—aYEHIBL, FEEHEEZEL e TEBEE X - 72,

ARFIEDFHE Tl FEREREIIE D T A F R VRS R A IV TR
FricHWSR TV DEET 2 THEHA L, Lo T, i3
IEME 3 2 BUS 5 2 12i&. SFQ B ICH AL S 7z B8 2 VW TE
FanTmtyHEDTFT -2 EAVCIHMET 3XELH S, /- K
FEIIEBOWEZ R e LIRERZC, ZJavy s 7 ru0—7—&7
A& AW TERET SN B ONTIEIE L TR, SH%RO3EE LT
. 20D DBHNFHE N SFEORENET SN 5,

B EE

A EED Z12H7-D, HEARDPWIHEEZ W= EE LA —%
AR SR LE 3, anFlmToVE— MEERBICBWT, Slack
TOAI2=r—>arioTHIREYID FE L1z, £/ HAK
FIEWRAICFRZAR O @ ARE RS A, PR IER AR O SBEE(E
BAAEIE, ERFETORRICEL T, REFHRT P4 220
FPEFEL, llCHORE ST WE L, £/, ALK T—<ZED
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