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TR AR Z T a7 v T2 VLST BMNKFE KR, B3l F &4 % (automatic test pattern
generation, ATPG) iR EIK K E. ATPG FAR KRG 7 IR A0S [ FN T3 A, B 78R IIE Ry i
PP o A A AT R B R AE I A AR A RS, JF BLRE AR o TG XU HHis F 22 3] R B BT AT B AR
t HAE, ATPG 7EBA BB I AR A 5 AR R — 800 1), HL 2 ATPG (I I|] /22 (A F S &8
B RS S 2% FE R TE R VST HLER B TE ST, AT A ATPG S50 i AT 1R 1) R e A5 gk .

NT IR ATPG I, FR N R T & ATPG &4, H b Ebig i (K7 PP-TGSt B, Proper-
TEST3 [/, HIPERTEST490 I8, CAS #EAIFATMIRER AR S 0100, GATTOB M 4. ik RGEH#Z
E R 3 AN IR ATPG: IR (design for testability, DET) B ATHVEMALFNETIE T
AT, Horh, BEE RIS T, ATPG B I FFAT AR ROBR s A £ ZE A 78 07 ). AR
ST FHAE ATPG KT B T W 25500, AT ATPG J7TVEATSIRAEAE S AN o |
AT SR B — . AE A TF B RN B S 04 225 55 ) i (141,

ASCEE AR A S ATPG N AT TR, B1H5L (graph processing) &7 4 2 [A]
(ISR DR R IR H AT AL A3 BT AT A R AR B R 2y T A i O AT FE AT i JE PR ARA
e PRI AL R TT R A AT R R T S R SR RE R A ROCRE ATPG MIEZ TR, 10k
DR ARG N B, FHsz B fEH R H st (electronic design automation, EDA) ) o Ath 451
HOEAA MR 2 2N H ETHE R LAE O~ SEE R ER @At 78RR (Defense Advanced Research
Projects Agency, DARPA) #£t T 44 IDEA (innovation development & entrepreneurship accelerator)
I H v, 10 H HERE K% (Yale University) 57, H H 25T EIHE RS0 — A B A1 =
A, R EAEEIRE EDA FIA BRI B0 BEE T 24 5 50 B AR TSN A8 HL 1 B
i O~ AT T I B R RGBS ATPG I ] BEE RIS Rk, FFE ki 7—ME
[T A& ATPG FI LT R G f)a AL GE AR X A s & AE M A7 A ) LA T3 T vt
EITHR RGUSCHF ATPG IASKERE AT 727 AT 1 W R .

2 ATPG &s5Hkkk

2.1 ATPG &7

L 0 KR S BRI A 11 P B S T A I R R AR, WU 2 R i N 7 A A T AL U
155, SRE S HEL IR A A5 5 2 O ARFE T, S SR A 8 7556 T30, 00356 B A 7 O R A 5 i
PRI D BE — 2 Sz, WIud IRE A A T e, S 5 228 o bR g ar B I K i A\ Ul 5
SRR, W EERA R JUE VKRR U, © EE iRk E: (1) ME =
BRI RN, — PR B rh U 17 2 PR AR B D B, R g s T R 00 ) 8 ) B BRAE L (2)
W) AR A MR 7 5 R, T TR (fault coverage, FC) %%E@?ﬂﬂiﬁﬁpgﬁ\igﬂﬁ@, B MR A &
SERERE A I B B 5 P R T R AR O BT R B LU AR, A% B ) AR A F) 95% LA_E R
P 78 o 2 (4,

AT 6 DRAIE L i 8 7 8 R 100 T SRIBUR AT B8 A 0K 1 5 2 ol 0 ) S B 1) 8. £ ) 1Y)
Tk 5, I e B AR AR YE BTt 250 AN kSR 77 SRR . B RIS F B 1) 1 300, 0
1) B AR R OHE FE SR BT, MO R R E A TR N N . R, B shlllan &4
B (ATPG) BEARME 2] ik kg I~ B2 Fujiwara 1 Toida 31 ) T/E CLUER, BIAEXS T 500 HE %,
ATPG /2 NP 584 . Mt Ui, TERRMEN T, ATPG S0 A] 52 4% 5 5 e 1) AR 52 4
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( Generate fault list J

Ny |

( Select a fault from fault list J

A

Test generation

L

Fault simulation

( Update fault list J

N
Fault list is empty

1 ATPG —&iitE
Figure 1 General ATPG flow

HOFHIC. Rk, ATPG @ — B /& EDA 48 & 20t Ui SR 2 —.

Bl 14T ATPG M—MifE. EWCEITFE ATPG 224047 H B% vh BT A 7T Rt 300 i e Y
XL RS R A RO 3R SRR 1) A2 LR O ) LR B S5 R T AR s, e T DL
PAANFRM, £ ATPG R 25 18 B[] 5 Rl e A R A e P 3 — SR 2R BRI S E R E Dy 0 B-
104 AR IR SR 5, ATPG AR 812 rp i Y — A i B R 2R R A7 Ik A F M g B, TX 2 #e
RO PRI, IR SO 25 5E IR A R SR A BE AL TN B i i B i T ) B, E52 ATPG TERERY
SR 0T A PRI e R I R I o AL R A W S AN ) ) 2 v (1 b AR
WA FIREAR KREE 52 E ATPG [IPERE. WA R 5 1 e s A R R e s A DA 00 281 1 i e
BRI — I MU AT HBR SR P HERR, SRJE ATPG 4k E E A% LI RE, BRI 51 R 7.

2.2 B ATPG LEFA

I, RS Tl 3 207 BTN ATPG: TRV (DET). S 47 SO MR S 3
fr i

AR . 5 3 AN PROIN I I G AR A B U IR ], DFT BB S A AE s A BT
Bomh 8 18 n ] 2L 20 FRL B 5 A S 1 2 PR A B I ] . (15:16 DFT Al — RIIBR IR A,
Forp PR BB R A EOR: SR AR A I (built-in self test, BIST) J5i%. #7715
W1 LSSD (level-sensitive scan design) 171, 94 4e 181 SERAL A AZBHLA, K40F 7 S ATPG
o] R AL VA R ATPG [ X Tt B, W Z A 4 & g T A — M iR A 2%
(1) ATPG BELEN 1. BIST Jrik il 888 vt i 78 FL B o N 1T i UaURE B 1191 3 AN T
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MBS ae i@ BIST HLES#EAT B K, 1A 772240 2 241 B 3R % (automatic test
equipment, ATE).

BITEAMA. AT EIERPAL 3 Z AR e A2, HSRARE AT A A RIS — e 4k
A AR TR AR Bk B4 200 X7 o BT B B IS A S5 M5 R, IR ER s L Bt Th R (5 5
(AL R, 7R PRER Bk R b, Bl o 1 B A N SR AR A RS SR UL B, AR R R
fRita &, Horfr, D &% 2122 PODEM &% B3 fl FAN Bk P4 BREAREMEN LA ATPG
k. D BEPL22 R BRI ATPG HE, BT 1966 AR5t TR A, 1250 B 0 LU 1 B
A AT ST 2R AR B RS 5 1A, Rl SRR K. PODEM 231 Fl FAN 4 X kAT T 2
3k, PODEM 52048 2% 4% 18] FR ) FLES 1) 32 225N T FAN SRk — B 5l NAIREL . H R MIE: Sk
HIRE R, 7EBRER IS R TP AN AE LSk AT 058, BE— DI/ 1O SRR B9 R/ 5 SR I 8 A AR A H
B WARR] T B SRVERIRE T, ORI T I A RS A e

R T RS I AREE IR A Ik 29, 3k 5 A T HU 1 PR AME B, T s A 7R
PRI U0 B 3E AT IR, AR 5 I AR R AT 2 1% (Boolean satisfiability problem, SAT) B JAh 77
T R BCHEAT SR AR DASRAS BT 5 I & Shi 45 261 PP T ATPG AR SAT KAFSSIIPERE, I
S B R E R R A RELIE IR SAT HITE 7. seabh, el A R A7 e 1 A
H3E20 (conjunctive normal form, CNF) BT 75 HIR[A]. Tafertshofer %% (20271 2 T 7 —FpE T SAT K
AR, AT I I 7 2500 P 254 R AT A 1, NI T 6 A AR N2 1R 4 B, Safarpour 45 1280 (1) AR I8
DR AR BEARIC O ARIE RIS INIE SAT. LS TR, R A AL —72 0, A4 b TG A B0
AT DA SAT K 2. AR IR BOT VAR IIRR, B R AN B, H AT R AR T 52 350
T, AR TR F Ay N

ST ATPG. HFF B AR VORI I £ 0, B S B3 TF ST ATPG HIFEFIL.
DA S RN E ) ATPG AN S 2R, R AT T AR 2 7 — e K. X THE
L, BIAE RARAT P S M 1 AT A T 580 IR AUk AgEal, (20~32] M 47 A5 5 B g B 4 133~381.
IR AR [ P of 22 A R B HEATASEAUL, JF o B9 — 4 I e R i R 20 A i i . e i el e
P B R U AL AE T8 RAEAIIE PR R, AT AEAS & e Tl Al 2 R A R AR rp B0~32) $t s 7 )3
KA T7 iR PR i A s B R ADL AR B2 . AT, I R s A 400 5 2 44 2 A WL 0 B, TR A7 A
AFAE A R I R B B A 30 7 30 D T TG T B 0 e e B RO RSV R, 22 R R I R A B — Al e
SR G KRN 45 5 T O JC A e B L. B RRA% 1 5 72 5 R R B A AU S L, A7 B /)
RZ, M HIg AT I R 75 BRI s B A OC 1 1~ F %, P DA [B] TR 85 AR /S 0 T4 & i, SR A
I 1) B AT AT AR i B PR AL 3R TV PR R, T VR R IFAT AR U PR AL B (parallel pattern single
fault propagation, PPSFP) [34~36] PPSFP GEME SZH 5 AT AbEE ()3 [m) & 550k [B] i s B, 1 ELiE g
AN Q) i B AL vk 4 A Skt — 2D 4R Tk R 133,35 390 I FLER AR 1B BRI /2 Antreich 1 Schulz B4
BT i —FhBa s B B, % B R R R T0 F H DX T AU R . Harel 45 390 76 5 (A%
o A FH ST AR R, R0 P ST A5 e B MR HL S T ) TG B HE X 38, Maamari 1 Rajski 591 U4
T XS, BR3P EVAERREIR I (U] PPSFP 45 &7 kg, DAU/D H g Hh 1) 5 A B A 4
X3 R AR B AT b SRS A — SR 5T AR, 3R 1 48 H 7 IR AR B ) LR B 28 A7 0 SR s 129390,

[FE, A RKEPFFH GPU IE ATPG J5ik Ho~431 B 5T GPU BN A sR AT 7t 5 Zid it
FCRA Z AT AR i AT 1 1430, A R B A DL 3 I8 I BRI FAT (AT A A 0L 50025« B I
17 (FE LR 73 AR AE T30 ) « BB IFAT (MR IFAT AR IFAT) SR e B AR DL Fr) AT B 140,431,
F A R ERABLZ T K, T GPU WAFA IR, 7E5CRF ATPG LR, I 5 I5A7AE FALM GPU [
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x 1 HTMAERSGE

Table 1 Parallel approaches of test generation

Parallel strategies Introduction

Fault-level parallelism divides the fault list into multiple sub-fault lists, and then
each distributed node processes the corresponding sub-fault lists in parallel. The
. upside is that coding is easy, and the communication overhead is very low. If the
Fault-level parallelism L . L . .
fault list is properly partitioned, this kind of approach can achieve a nearly linear
speedup. The downside is the imbalance-load problem. In addition, the size of

its test vector set may increase compared to the serial method.

The purpose of heuristic parallelism is mainly to improve the final fault coverage.
Structured serial test generation algorithms often adopt different heuristic rules.
However, the various heuristic rules used to guide test generation are not universal,
and their effects will have their own advantages and disadvantages according to

L . the different faults handled. Heuristic parallelism means that each distributed
Heuristic parallelism . R K K K
node utilizes different test generation algorithms to deal with the same fault.
When a node generates a corresponding test vector, it will immediately notify
other nodes to terminate the current work and start processing the next fault at
the same time. This kind of method can guarantee a higher coverage than the
serial algorithm, but the reduced time overhead is very limited.

Search space parallelism divides the decision tree into multiple independent

. sub-search spaces, each of which is statically or dynamically assigned to node
Search space parallelism . . . . .
processing. Its upsides are low communication overhead and high parallelism,

but its coding is relatively difficult.

Function-level parallelism is to divide the serial algorithm into unrelated subtasks,
and then assign the subtasks to different nodes for parallel processing. This
approach must ensure that there are no common variables between subtasks.

. . Otherwise, it will greatly increase the difficulty of parallel control, and in the
Function-level parallelism . . . .
worst case, it can only execute the subtasks in a serial order. At the same time,
because each subtask performs completely different processing, it is difficult

for developers to estimate the workload of different tasks for load balancing

related processing.

Circuit parallelism is adopted when the circuit size is so large that the memory
of a single node cannot hold the relevant data of the entire circuit. It divides

. . . the topology of the circuit into sub-topologies and stores them in different nodes,
Circuit parallelism . . ) o L
and its performance greatly varies depending on the division method. Existing

partitioning methods often lead to a huge communication overhead, and it is

difficult to guarantee the parallelism of the algorithm.

EEAE ST K. GPU WAEHAER . GPU 1 Z0R F AR SR ), ST R 22 [10~431 R, A
SCETHE T iR AT Dod ik d2 40 f B B R 4ME B, Sha R R — A0 IR AR 7 B AR B 1 R i A DA AR
WP AT 55 gk, i FOn gk 7 EACBE (0 F B B BUE 2] GPU A, FE3E TR A S 3Bk AT 55 40 e, A
MHEE GPU AR SAAE GPU RISk, R, tha] DL Hr B B B 30 M B2 4E 5%
FHATAT S BE Vi e 2 T8 (0 23 18] /i 1B SR Ieq: AU Ak 8348 45 O B0 U ATy, 45 K R S5 Re s L=
% P PO AE A AN 7 ), B R k2 e B PR B TU AR A7 AU 1) R4S, AT RRZ> GPU i A7 TH FE DA R =
HUFI GPU 8] B AL 4. IXAE S ERA I i G IR UT (I m 3 Rt AR BB i 35S 77 R ASE FL it
EL o HT.
2.3 H{T ATPG Bk

T2 DFT HARIEEX T ATPG S ATEIVERIAL, #5 C & Kk JE BIA U BEA N HD . Ak, AR
X T7TH R AR D, T HIEARER 2 A AR E A AR AR SR AR, 78 Tk e 5 15 2
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FiH]. BEEELRARCFRISETH, ATPG BIFFATL 2 O s i B I 1 e A8 It s s iz —. {H
%&, BUE IHT ATPG HIAH SR AR IE T a5 7 2 Phk.

(1) Sagtfgialel. BUA AT ATPG J7ikxt 5155 Rl 70 b 45 B AR RO MURLEE R JZ . AT
AR AT 0, 12T R R BRI > AT IR A AR R IX 1 A R AT I AT AR B,
T T Ak P T AN [i] 0 A R AT 0 A ol A [ i e 000 X A s R R e PR 22 R 20
R, T HIZRASTF AR ARG, X W] R S EC LA ™ EAC 4, T4 ATPG 7 R s KAT
Irn.

(2) FATREG B —. TR MR 2 MR A S R A7 AE 2 MOFAT I, (HRBUA IIFT ATPG
ARG PEAE R — M7 S, AR FIFAT RIS A IS, HEEIATIE EAT T, XWX IFAT R
WS HEAT A LA S AREL T PAT B — B FAT SRS AE TR RE AT SR IOERT I 28 18]. a b, fEBLA IJF1T ATPG
A2Gu, MR AT AR A R R A 1. At BN IFATAE S5 B AT A A, thdhAT
AL SR, A R SRR UL R B AT PE R AR s 4 — 20 LR & 07 sUlER S 7 IR 4T ATPG &
GERENS R M B I FAT HEms.

(3) FHEFF K, BIBEEME. LG ATPG R G LLEER I :URIE s A 30 b, TR AH 5 1Y
P A RSBl A BB (R — AN AR R Th . IR 7 s A AT AR 55 L A4 R4 5 (R R BR B AR, 72 H
B AR BOR 5 DL R A KBRS RITT. BRIEZAh, KiB7r ATPG SFEAEAE B H LR
SR, AR RBER IR S5 F A3 R MURZS Bt A e B SR+ BN, e R R B0 U
FERCRAGR.

3 EBEHERT ATPG

FEFER T ATPG 2 —F ol AT B HATA T . RS I PR Fh 2548 v U GO — A I, f g
BEFUFNM R A B AR A R 2 2540 U B2 R 78 Fa S 0 Fh B Bk AT Y, X BB ARk ] DU o B BV
BT A5 FEATAE 55 BRI o S R B2 1), e BN A ) TH AU B4 AN R 26 R 3R A7 A0 B2, IX7E ATPG
A T4 BASZ T T B — AT IE R FAESS, TS ATPG J7 k0BT 1AL B4R =& s 47
(). I I A TN AR B R, BeetE— PR ATPG [IFATRE, JF HAR S AR T 147 51 3035
5. BRubz Ah, BERAE R E R G0 AR 7 N K AR R, ARS8 ATPG R4 LLEER ITE
FIE U I FR AN, AR OC 0 P RSB A 5 Rl — AN iR . XM 7 AT & = AR RO
(EFES, IF BAE RS AR 22, BTS00 56 40 1 45 4 B0 AR S HOR 7 BTk S5 i 3 v A
F R4 54T (compressed sparse row, CSR) %5 R4 A% 20 (44 F74ifs, IXAE RGN /D 2% (B T4, AN [F2R T
R A B AE A, IXRERE TR SR IR . JRA DI AE AT Hh TS G TR A 5 i 1) 4
A HL R VA AE BT SR T (R SR

3.1 (HEREEHIEMR

HE—MHEEBE A O, W 2(a) s, BB IRES PI (primary input) . fiiHimtE & PO
(primary output). B[ LA CG FEANTZ A FBELM . Hi N 4 o AU 1 #A 5 5 E (81
FRAEHAE). AP K@ 12RA a5 517 (AND). 87 (OR). dET (NOT). 5] (XOR).
54EI'T (NAND). 83E1T (NOR). S#8IEIT (XNOR), PAK H & 53 H 45 5 (STEM) 25 E 2(b) 4
H T BRI B R, o PIL PO AR T 1R Al 5 oy B g R TR, TR | 2R .
(W3 F T2 Mg T 2R, 2R Sibr b T35 SE LS, B 7 mx— @ik, B LB i
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(b)
E 2 (a) EEE; (b) BXNREETE— STEM KELZ QMR E

Figure 2 (a) Circuit graph; (b) corresponding abstract graph with a stem node

YA TR, 5 TR RS S AR 7 1A — 2 A0 RAE B o o R 2 b e R A S, R A
Jo BT AR, TR AZTAT jieAh Sy STEM KRBT (4,

3.2 ATPG BEHEZEWAEREENE

FATH B4 H ) Gather-Apply-Scatter (GAS) AR SR B G frD R I vk DA SR B
FHIA B4 GAS R LTI A O I G RE AT B B AL B Hp i) — 5835 4K 20 8 3 AN BL: Gather,
Apply F Scatter. fE Gather MM B, BRI A w AR AR T AR (PPRASAE, ARG X IX LIRS AE R X
A,

Y.« D 9(Du Dy, Do), (1)
vENbr[u]
Hrr, Dy, Dy M Dy, ) 3 AR ws TR v R (u,v) BPRFSE, TS v TR o FEEETH AL
J7 RS @ A P EE SRR, e e R g A ek IME S % Apply B
BT FOHE BRI A w HPIRASE:
D < g (Du, Z) : 2)

55, Scatter BB BEH7 G HITEBR T RCIRAS A DRew SRAFFIE BRIV S AR 45230 BR A (B 3047 BE 4
Vv € Nbr[u] : (D) < s(Dy™, D wys D). (3)

£ Scatter Fr Bt o A BOFT TR R T R &, T — R4 ZiE RTS8 sl
XF A&, 7E Gather 1 Scatter i BB A ARG BARHI %00 €. Hol, 7E PageRank H,
Gather i Bt HXT NIAHEEAE, Scatter HGF H T4 .

76 GAS BN i FH 7 58 X 4 NMEH R Gather(), Sum(), Apply() A1 Scatter(). 7£ Gather
B Bt, Gather() A1 Sum() 737 1 TR AR HE TR PRSI B A RS SRT SCRIL. Gather() FFATALBEAR
PRI, KT B L 45 Sum() ) XANTHEL. Gather() AIR RIS AT o2 258 . AL
AT %L, BARB A RIRE. Gather B BUSE MR, Apply() SREUR A I RINME, JFRYE R
IME TS TR THEEC SR BT OR A R #RAE 5 [0 2508 B2 VR BRI 7 Scatter BB,
Scatter() tHIFATALIR AR F2R B, RIS IR E RS B T R AR IAME DRew. X TR Z
%, AE GAS FRBYN IR AT B SRIETLHPRSE, X0 Scatter() R TIHER TR AR 1 SE 4T

AR Ho2 I Ry BT B A B0, B H R AR 45 E 1 PT R BB THE L FER PO
WA, 5% 1 st VBRI EAE GAS BN R EIRASEIL, B T GAS AL 4 NMEHK
#, BJ5 1 LogicSim() 1 FIIX 28 b0 % ASKBLZ 47 DI, BRI, Gather() WO /2 B4 T
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= O o€

3 (a) HEEE; (b) HNMHEZ STEM KEZ SRR E

Figure 3 (a) Circuit graph; (b) corresponding abstract graph with multiple stem nodes

(a)

FIRZHRAE, JFAE Sum() ARYE TR SR ER 1) E AR E AT I S . Apply () T 2 MR T0T s S 3L 1 bl
AT Sum() THE A AT, BIATE Sum() #1 NAND, NOR il XNOR X JL/MZ% 1172
AAND, OR 1 XOR fHAR IR (AL, PROMIZ R R A 9 TR MRS EREAT A0 1, 1207 1A 75 2
YEAP I e — AT RUIRSAE. BRI, Scatter() R 5 ZEHFHHER IR AR, ER T AT SR T0 R A1 52 02 4R fE
BTN ES — 3RS R S .

Algorithm 1 Logic simulation

Input: G, Logic.
Output: Logic.

1: function Gather(u,e,v); 26: .

2: return v: 27: function Scatter(u, e, v)

3. end functiovn 28: v.count <= v.count + 1;

4: 29: if D,.count == D, .indegree then

5: function Sum(a, b, type) 30: is‘Active < isActive U {v};

6:  if type €{AND, NAND} then 81:  end if

7. return a A b; 32: end function

8: else if type €{OR, NOR} then 33: . oo )

9: return a V b; 34: function LogicSim(G, Logic, Type)

10: else if type €{XOR, XNOR} then 35: isActive < 0;

11: return a @ b; 36: do ) )

192: else if type == NOT then 37: for each vertex € isActive do

13: return —b; 38: for each edge € vertex.inNbr do
14: else 39: Logic[vertex] < Sum(Logic[vertex],
15: return b: Logic[Gather(vertex, edge, edge.src)], vertex.type);
16: end if ’ 40: end for

17: end function 41: Logic[vertex] <= Apply(vertex,

18: Logic[vertex], isActive);

19: function Apply(u, Accum, isActive) 42: for each edge € vertex.outNbr do
20: isActive < isActive — {u}; 43: Scatter(vertex, edge, edge.dst);
21:  if u.type €{NAND, NOR, XNOR} then 4d: end for
22: Accum < —Accum; 45: end for
23: end if 46: Whlle ISACtIVG 7£ (Z);
24: return Accum; 47 return Logic;

25: end function 48: end function

CLE 3 ks it B T H 5 T2 484 . MIghtk PTL, PL, EHREN 0, 1, FFEHAS PT BB TS
BRTDS. 58 1 0BG, RN PI A N4, RbiX — 521 Rk Gather A1 Apply #:4E, it Scatter
BAEB WA PT TS FIZ AR E AR 645 J5 220 5 STEM, Zi F2 &5 TS F-4T. P4 STEM T &S 71458 1%
AR R — IR Scatter 155, WENE 5 REUF STEM TS NEEF A, R ST 2 B ARHE
BRI S, 5 2 BARTT AR, WSERTTUS NS STEM. 25 1 4> STEM #4T Gather #1E, IE|—AN 2%
8 0, 285 HEN Apply MrBt, STEM R¥E H SR AL EHAEE N 0, ANGIEIT Sactter #A/ERHE (1L
B EETI S Gy A Gy 3 2 4~ STEM HH1T Gather #24F, WE—ANBHAE 1, SR)58EN Apply B EX,
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STEM #R#E H &R A EZHMEE N 1, RFHIT Sactter FAERHZHAEAELIBL FEETT Gy M Gy, TH
RAESS 2 BIRAHZ B PIIR Scatter 155, WENE T IREBAIEATRINZHE, FHLEA1ZE 3 HikA
PIE BRI AL, VR, XIS STEM HIARBERZ FFATIY. 28 3 RiEAT 4G, WEERTIACN Gyl Go. Gy i
1T Gather BAE, W ANZHAE 0, 1, REHEN Apply BrBE, Gy IRIEIL H B35 AND, X8 #HE 347
B S5HERT] Gy BHEAE 0, RJEH Sactter BRAEKIZIBEALIEL JFLETUR POL. G, #17 Gather
BAE, RPN ZHE 0, 1, FE Apply BB, Go MRl H 5384 NOR F W ME A E 317 8l 4R 15 212
HE 0, RS TE Scatter B BO @ HHEL LS PO, X G1 1 Go WAFEHRIFATI. 5 4 5IERITA,
TEERTA RN POy M1 POy, POy #E4T Gather #R1E, W B —AN24R(H 0, BEA Apply BB, PO, HRHEH
SRR ZHAEEN 0, BN PO, A i, Bhid Scatter FrBt. POy HHT Gather #/E, U E|—AM2
1 0, HEA Apply BB, PO, R4 H S RALKG R EE Ty 0, 4 PO, WA ik, Bhid Scatter BB
5 A IR TS logic simulation BLVESE .

BAVBET AR ERATHIIFR ATPG T H Atalanta 45 BEATHF 7T, 4 FAN Sk GG s A i
AR RUBHAT TR ER) BEAT T SCHF. ATPG T B FH I AR AN MRSl oof T 3 s RS, SR AT
AT, T BT S 4 AN D RBAT SEBL. XTI AR AR, 76 FAN S 257 (implication) «
28N (line justification) F1[EIH (backtrace) 3 N BLHIRATE LT 4 AN O R E AT ZHAE T

4 EHERGHEXHAR

PTH SR DA D S A TR SRR AA [, 0] [ b AT 8t e O T (1244 46~541 - J e Bl 17
BHLEITHE RS ARG, DT R IESOR . LT R G REAL B /N L.
SRT, 4 B BRI (B1anxs T AL, BT A UBEE B 5 AR, FRHL R e AL S B AL B AN
T RE IR SR EAT g 80 70 AT SR GEIEAT AP, A xh H AT BT 5 R g et Tt
ITRANA.

4.1 BHEHERS

BB TR R GERE 78 70 A S LAL B BT SR S5 IO BE 70, IS 1 Al SR G T AR R I 2% T 15
JPAH. AEGRIX R ARGl T IR IR, (8 L TERse BT 1Oy ek, 75 22 At Kb TS [ 3 4 AR 1 0 R
BER LA 155561 BT SR GE T 20 K, A i 2 A% R INAFIIR S 38 AN A7 (in-memory) Bl
B ZR gt 156~60 M [ PC HIZAE (out-of-core) BITHE FRGE 61~67 55 1 AR KA F AR th 22
PR 8 TN AE TR, 55 2 S HOR TR KA TR P s, B SR A ) 20 SRS R BEAT 7 R AL 2.
ST BT T 5 AR SR R 2ok B TR AR 7 9 N o e, DAME 7 R RERSAE iR (A7 i e % it AT
AL, SR T SR WIFAT EA AL O U5 AR X A BT S R 4, B REAT R (1 H Y
FEAEREMZ O BEA BUEELS B BRI 70 7, A7 28 A BT R e A 22 6 s i F o S, A 7 22
FEVH SRR OO 55 AT & BRI B, v DA ARBF R AT ROR. 0 T4 2 4, T BB o ik
WA ANt A A7, BT 2 SRR AL AT 20 P BEE BN B3t A AFREAT AR BE. X T g AR AL R DA A L Y
KITHSE RS, — R TR I A 73 e TR n gt A A7 . g AR 2R i LI O R i AR 58 0K
T 70 P B8 N a8edt A A7, 1 8E A REAE B AR RO sUBEAT I s b 2. T TR A A7 18 T 5 R g i
SRS RGPS, WL SR LT SR GEEEAT R A 4.
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4.1.1 RANEETERS

BN R RS R RN FigtT, JF H B DLE A S MBI N h T i . (B2 5
BLIR TSR 68 A A A7 25 TR 2 AT PR, DTk R R g A /N A Py P o1 5 i) R

Ligra 6] jg — MR T AR EZANEIHE RS, B RO B R R PAT I AR s 2R
FHERR/NRIH BESEE OL, FBITE push THEREEFT pull THEECZ [HEEAT D)4, AT AN B -5 A
B3t Iy S WS, Ligra 3@ T L2 AR B0, H AT RS F IR S5 4 © 4 T DAFE A7 P Ab 3 i 42 5% 30
A B o Lo A AR, ARS8 D AR S B SE AL IR A 1 RE O EL AT SE M BE . Galois 7] LML
B3 R SR O AR AEBE IK SN (data-driven) HITFSEARRF, 80 K H EHE (autonomous
scheduling) MIARH. EBTH T — MHLESIE NI BAE S5 LS A — MU e BTSSR E 2. R B 3 it
THNY RERZITR 28, HC 2 MgmfEs: 1. GraphMat B8 P Ik3-H 24 CPU LT A
MRS, Xf AR AT T 3CRE, IR By P AT R A R T ORI MRS . GraphMat i
T TO R R DA B W S5 T AR 281 i (1 o 14k BB AR R PR 5L F- R IZ 4T Polymer B9 & —AMEZ % 155
FEAE—ENAZ U5 (non-uniform memory access, NUMA) Rt o HTAESL. BEFIH T NUMA Rtk
T B E A 2 Aroef BLEAT 20 A, OF HAR & T &R RIS AR, S s s 25 1 1) R E e, o0
RS2 Polymer B Je R 17 MO0 Bl R SR Sh 408 - B FR 5 7 SCEHE AR AR Ia AT RS 4T 2
ST ECASCE, DA KPR B Rk D e FE U 1. A, KT —SE R (W BEHL YT A, Polymer 183 {4
5 NUMA 1 s R s 0000 2 b, KBTI AR U7 i) o5 R U ). D 1 s 5 380 4 AT A
WSk, Polymer BE— A EE T 73 = B b LASR i AT PR AN Ry 3B 0k, FH e ] ) 1 g o )P 485 2 X, DA A
FR VS B TR LA i 7 B0 4 45

FIRRGH Ligra M4 MR 2500 HE R HPE pull/push THEAE SN EHT U, SRR LR T
BRI TR O DA R TO0 S SR B I AT AR . Galois SR THIES (domain-specific languages,
DSLs) 5 tH 8L AT B # TAEFRAEIE 3 FhE DSLs Jfil EFRft 7322201 APL, itk B Skl
GraphMat J& B XX 2 4% CPU #EATAL FF H AT S R A O R 8 2 g I B HE 22 Polymer &t
XITE NUMA Rt vHENLEE ) B A7 BB AR 3T Ak

4.1.2 ZINEITE RS

NACBER B, BHUZAMETH R G . BHUZAMEITH L R SR B B R R Is T B HLEA
B, it T SR R A W 5 A AR AR B AT S AT s A RLE. B RS T
B, A oA ARG SO L TS A EAE TR . A S e R (H AR A R B R
G232 IR T BN LTHELRE U RUZ M R GE B 5S4ty SEBR ). T RSB R G, T EAEA R A,
WA A RO BRI, AR AR AR SR AR T 0K B gk AT Ak 2 161~671,

GraphChi 6V 2 4R A Ry DL oy O LI RS, EHH T HATIE N 1 (parallel sliding
windows, PSW) AR KACA B S A2 HORH AL (0 U5 ), [R] IS e A5 FH 7 72 1) v 280 BS80S kg A ) o3
HME. B RA BB EE EER, AT DUAE SR BRI S A A BRI, 4% SR S AT R R
— LR EPERE. GraphChi 25 1 MEETHABL M EITHE RS, GraphChi Kl 84 #hA7 AL B2, 42 Ry
SE I AT AR IF I IFAT I 3 & 1 0 77 20k et e B R BE L UG 1) X8 7E GraphChi R4, 7E
N IX ) B P A T A T ST R AR B AT P B A B AR A i O LA PR I Ak R PR A
%, NRRIX IS ] f TurboGraph [02] SR T 44 ‘pin-and-slide’ FJFEATHATHERY. TurboGraph &5 1
MNREIEFIFHATE G, BRA T (1) B2 %7 FlashSSD 10 HATIEN B4 FEATH (2) CPU 4
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HA I/0 AP R ATRESE 4 . TurboGraph ISR EI L H 7, BIUNYE pin-and-slide 5% SZEH
[¥] BFS (breath first search). VENUS (631 4 7 DATH 5 g O R0 BRI A BRABE A, (350300 1 6 Tt
I 1/0, KKEE T R4 1/0 L. VENUS B 7ESCBUEEE B 3 R AURSERE I IF R HUK
B, DLRDOHE R HORE AT AR (M K= 1/0. VENUS #4510 R BE MR H R 7%, X-Stream 64
HUBITHSE R G2 LI g e B S50 8 AR, R A0 77 AR R AT B A A7 T 32, AT 2 e U7 A7 RS 25
P, I 7850 R F A7t B 25 By S R i R B B B 2 e B B AT ) 3CHE

PathGraph 1651 S THH RS0 LLER 42 A 0 (path-centric) HIEITFE 7. B T LAERIEA
o L 7 RO B BT R D 0 U5 (B, T DL 577 5. G
Graph (66) J27E 8B 1AL H K BLBLEI SR G R 5. E 3 Xostream RGBT T 0%, GridGraph
X B R T PR R O3 . R BT R AT — 4R, R R R o) D AR, [R]IAEAS AT I
BE— X AT RURL FE B AR 3 RAR m Vi A7 R0 . AEHATE b, ER A T BB X0 3l & LR,
I BR FH R 5 I v P SRS AT AL, Z R AR HAME AT BITHR, AT DGR B [E] A R G
[RIPERERIN. NXgraph (67 & —Fh bl - s BB R G edd o T0 s Rl R A 743 i 4, 32
T B ARHET 0 SR AT . a8 I T AR o N X T RN F- 23, NXgraph B R B U 1)
JRy B I SR FEE A . B RS H AR TR ORS00 v R T HEFP, NXgraph /b 7 AR 26
TEZ IS AN PPRIFLBL T B B 47 M. NXgraph $2H1 1 3 T 5 5ing, RISAHSE R (single-phase
update, SPU) XUAHH #T (double-phase update, DPU) FVEAAHEHT (mixed-phase update, MPU). NX-
graph RJ DR B A R/ INAHTRT B A A7 B8, 1 3 b g A (5] £ e ) i 3¢ de PP S Mg, 7820 R FH A
A7 8], Pl DA R, BT 3 NS ERR T A R U AR . T SR R TR AN R
K73 XA RROIRZS T7 AT SR AR AN AR, 3X i 7y DXCIRAS SEHT e ok 1, et 1 b BT 55 i fie s
J%. HotGraph 60 ff ¥t 11X AN [0 R, G I S 3250 (FROAFAED) RN AbEE, 12 32 45 40 15k J5
SR BI T A 23 X BN, ARG TT G IR 2 8085 03 DOIRSAR R B FOR AR AE D B L o)
DX, AT R 188 23 DR, (Rl Sl IRk 7 — o DI BB, d o R AZAE A7 IR
A e 9 B s Se ok S R A AR A R4, SRS 4 HH 1m) B AT [v) Ji5 4 g AT SR DA — 28 insdlie
SK. HotGraph 2t [ 572 DIIE (R8T 77 125k AL BRES 73 DX Hh A% FEeRAS AN BEAE ()25,

4.2 HHRENTERS

FEREHE AR, EEEE KB TIEBN — SR N A, BRI EL, PRt 2 B R )
PR BRALALBE IR AR HAE T FERIMEORTT 5. N T A ROt BRI, 73 A s ETHR R iR .
AT AL R GEAFAE — L8 e L A7 2 B TS5 0 AT 20 1, i B S A v ) PR R R
IR Y B o3 BT RE , AR AR B — > v i 24O B Be IR UE RS 2 s B 0 B r BU7VE. AR R IRIE
ARA 5 2 SR DB BN, T80 KA A 2P S TR SR 2 IS, I 2 R M 47 BAER

s BRI R AT NI R G ST« A 0 A5 T 4 DA R 59 fEH PR Sk s B
IR S 22 4 3 DARDE RS 2 7 R RS 1247 40 A 20Uk B, Kineograph £ 4t (8] Fil Chronos
F 4t 09 STHRFRNAS B AT UH A, A IR R G 1 SRS L

Pregel (01 25 5 H T EIUGRELM A A R R Gz —. BRAE T SCRERHIBIE I TH R, FE R R
WHE RN N — RIVER, IR G R T EERE U7 A F. R G (0773 AT DUEAT AH0RLFE 1 47
Blogel [ J& Pregel RGMHJE, C R T Pregel fEACFEH St b B 3 NMEFAE, WRE /04 &
T REARAFAEVEREZ A 19 B Blogel 42 DLHy O BUREZE I HARME AT SRRA R A =
Ko Ak, el Biz4T DIHON O RIREST. 5 Pregel MR HIEHMEILN) BSP (bulk synchronous
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parallel) BR[| Distributed GraphLab 72 37 #5 DL D 7 s AT B HE, XM R DR A4 L [R)2D
RS AT SR W SIOH R AT SEAR ) [E) 20 AR . SR, & AT AR 52 1 T At BE AR 5|2 1) A7 8 AN~ 4887 1) 52
PowerGraph (73] FF GraphLab, P BB L 213 R 50 R LA 53 X, FE$E AT b o3 i Tl s R 7 DA
P AR AR IE— P IR AL, PowerSwitch (M & H T —FR & HATH, AVALE R R P2
[ B2V LIRS B A 1 B Kineograph (8] s2 — M R G, B K FAE N BRI i — A A
PRI, Z B SRR 5% TP AFAE IR 98 R Kineograph #E— /5 SC FrET2HR 515, R A 1 & 5 5 4
KT BT, DAER A RFSETE BT, Chronos () 1524 FH T 12840 B 40 A 1) o el PR RS JE A B, A AL
BT B T BT SR KA B SR A B R Ak AR, RATIANAITE 43 X 2 TR B OC 2R, 459K 7 B2
AEFR LA = B HCSR) 7 IX

4.3 EtEBHMERA

i 25 RH L &R R e B I IRATRE ), DASAIC B A A IR AR RO, T E
F8 9 S B v Ak B U B ) B R T B — . AR MO S B AR AR Bk 4y, T 1) BT S K B s Ty
ZRAEA[ 3 RHT GPU METFEINIESS . 22T MIC (many integrated core) FJETHEMIERS . 2
T FPGA (field programmable gate array) [EIT15H N2 FZET ASIC (application specific integrated
circuit) [ B TH R DIE &5 55 1551,

5 CPU #itl, GPU BRI Z tH 5T, iR SR AT IR RE /), 7T DUSE = Ot SR
TS TH 3t I AVSE BT, O TR T GPU BT S AN 1) 1) @, Back40Computing (7 SEHL 1
2T GPU Mtk gem i H k. Gunrock 76 #F—S#& 1 72T GPU MBI E@ A g e, Ait—»
Tt GPU 1l %E I FH 2, Graphie 77 % JCHURE B 1 A 30 FE 04T 1 ARAK. bl T 11 R R B8 )
HE 22 LA S U5 A7 BEA LI R B Re A, DRI, G 7 S R385 B B R TR G S . A B TE S0 A7 23R =
)R, A 2T FPGA BT S FT AL AT BN E I Rl 4 PR 7 T TR 1 AR, AEPAT AL J7 1,
CUH ) FPGA TAEZHEE T N (edge-centric) FIBEAY (78] DS T B U 1] = 3B 1k 170- 781, 7
R 537718, AL G808 73 77 LA 4y T 200 BT 1A Hifs DR S H SRR 9 ROBE-EAT Rl 3. XA v
JEl T AR5 N R EEE U e) BOBE AL, 8 SR MRS R 23 (grid-partition) f77VE AT DLER T R U7 1] )
JEE (91 MOSAIC B9 j£ T CPU Al Intel MIC BY 44~ & S A% AT B THRHESS, JR A 1A%
O REAER A B Jall 70 B 78 KIS tile, SRJGEEAS tile W HESHOEAREAE MIC WAk BE &8 v k4T 7 0 i
A2y, MIHLIF B RAE CPU I AT 2 RAZ). T tile A8 52— iR 454, BRI & nT DU I
iR FH A 9 B

48 CPU ZEH7E AL B S T, THI D7 A7 AR 5 JFAT BEBUIR AR ) . A W BT R G e A
— B R AR FIR I, (E R R S 1 R T RELL [RIRE 52 BR T 1002 (AR AR 2844 AL, AF 70 N SR 554k
NS BETE B s B B8 FEZRA7 %11 J5 I, Graphicionado 82 {1 F Bl #7717 f#i#% (scratchpad
memory) B RAEGI cache Z244. WILKs fHHE VT M4 2 i EZ84F, Graphicionado #5271 1 T A1
HARHIVIAERE L, PRAC T UiAF B3R, 72y A28 J71H, HL/RH R (Bilkent University) AL
FAFEX LS cache ZERIEAT 1 it (831, se A o) BB FH o BT PRt gk A7 AR BE 1 K o, K AR e —
3 cache (uniform cache) M55 9% N cache, H LAMRAFAFIZRA P . F N 1H5A (processing in
memory, PIM) A LIE #4518 88 B AE N AF8 i A ORI AR A5 2 TR R B # 3, AT e/ 4
I, SRETERe. BT BB HEEOR (iR & WAFILTT 1K, hybrid memory cube, HMC) HIAE N HEL (PIM)
Bk T BIVFERE R ). GraphQ B 2 —Fhoi 05T PIM I BETHE AR, © MRAS FIHBR
T A FIEAE# 5. DepGraph H4 £ HH T —Fp KM 9k 2 (1) 7] A2 I 25 DepGraph #2H T —Fff
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RO AR S 7328 AT 7%, TR AR BT, DSBS PR AR 15 48

5 BRtERATHEEHER ATPG BIHkkk

BTSN T A R ATPG OBEER B0 HE ATPG Hyki b N BBk . ATPG X )
P B i AT T PP AR ATPG SRR 9 B BRI B EZ A I A (1) RZ2HATPG HiZ, H
U D Hy%. PODEM By FAN S35, #e AR ERE 2 A7 i o % BB 1), A7 TEA7 At R0 AL 48 K
fy L (2) B IR R G R ATPG 53k, Bl 4l ATPG 5% (AR EiRAT P T
H Atalanta H FAN 5005 W& A FSEZERE) BRI B H RS0 SCRE. 3A
BITHE R 48 E SR 8 AT s O R SR B A AT AT 55 B AT, 28T, ATPG Sk b FRAEAN ik B 40 2
—ANESHES. XEWE, # ATPG BiEEA N EIEIEE, T EPAT KRERNH R -5 (),
T B A 2 b R A AL B S A SAE TR, I, B ATPG BEEA N EISLVE R, HoE i
TG RSBk (1) fEIAE R E RS b, KE IR BTS2 A7 A0 07 [ B AT & 3 B
P EEE, A TIAEAE KB TUREARAFAEFI VT 0], S BONAF I FE R FNERE U5 i) 8 i)t (2) KE It
R TS5 I AR RN Bcd o7 7], 53505 25008 Vs il AH DG [ BRI (140 cache RN A7 58 ) 5645, it
— B EUEEIE DT RIS, KEZETSHRIRE. (3) REIFREDNAES (5 hnst T 5256 v i 6 i
K wl~ws, W HIR R/ E 258200~424800, ATPG Szt Bi 3 RIS HHES B ESHE L)
FEFFAS K HE FLXE A SO

TEIA BT R 48 BT B IR SRV TG DA R LA BE LS.

(1) ANE B4 X HnE S BT RMEAE /0. — Mk, B0 i A2 AL R BR TS IR (A R
TR AN TN ROIRAS, e 2R Bl B, R SE I, BRUONIRIAELE, TR IR AT BEE3E R AR 6
Z IR RIS USIAR I, IX B FE e T 2 R AR BE. FEEE AN A T — M SE B, e L B
SIS ATLE L B R A, [FIRE T B T AR AT A 4%, BUNAELERR, AT R T B iR A%
FE— UK. IR AL P R0 Tt ) A B AT 2 0T PR PP, S o G P (RS A 4 1) B ) B 2 — 3. 7R
R FEPEE AT IR, 58 BORAS (& 36 B0 TS - 7 BT A3, R IEFTR.  H AT B A
T A 0ok ] P T A 3 D G M R AT DX ) PR Kl 4 s s . B 1 K1 43 O AR 7 g 3 8 ) — 2% 4%
EASAHAR BT AR 43 B D, 75 B AR BRI IR P4y X 2 ML HR R ST Nk, 3& TR IERE 1/0 FHEN.

(2) BB IS A RIAT AR, EETHE S, [ — 28842 B iU TEvEHT A ) AT A B
XS R NG R AR S ity T o (R A 3, PRI 51 0 20 S5 e IR 38 i s TR AR P IROIR S 5 A R TR 4, 750
SOREXT S Ui T s A C RN B . DRI, BETE 5 51 28 R RE AT AL B R B 42 E TS, X T IS, e T e
P PS5 R R 6 2 T 0 AT, T 00 A — 2R R RIS A i — 043, B DA — M ) PR R0 A 4 A LAAR T 1
AT FEIZAT. 1 RS P T2 PR 20 A 7 45 T s (R AR X~ 38, AN LA Rk, a4 H i I (1 B AR AR KT
ISR 2. BRIk Z Ah, A — 2 e B AR 52 T 0 R (AR /NS 0 AT AL B ) SRk a e i
REVE UL SE R IR, 82 8A FE AT W0 o] gt R AR B/ H Lok B 42, iRASTC I 78 70 A
EIATIHE R, N T IR B R AT B, WA 1 2 N B AT AT S5 R R R AL B 7 &R, ARIX AR R T
15 57 14D 1] 7.

(3) FF R BT S AT I 72 A KB TUR AT BRI B Vs i) T 4. B 1R 2 kRS VA TR E R
R EMPAT, ENTER AN RG2S T RENE S TS, 1w H LR A B 555471
B BGAT AR )8, X AR RATAEAH R AT B T 5 I A 3. A BT 240K
2 T o] AT B A B T AT 45 1 1) . X8 R GUAE SR 2 AN B WTAT 45 H R ITHE, BEH AT
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Level 0 Level 1

|

I
I
|
I
I
PL,

Level 2 Level 3 Level 4

4 EERFIZEHZER

Figure 4 Logic level of the logic gate in the circuit

IRAG SR NE . 72T R AL BRI, X 88 R 45 g fg AN U B 20 B AR 55 4l — AN U S i I R A, T AN
JE X LG P 55 2 713 72 AH 3] PR B G540 B3 AT . IXMORH R (1) 5 R AR BE T I IR S 22 4% (cache) « IRZHIN
AR R 4 U 1) a1 3 A8 3X 3 30 U7 DRSO e T4 0] R, 38 2t K & R A A A i
TF4Y [44,46~52]

6 FRATRTIEER

N T S B INRSE I AT M, AT BT 1R ATPG FIREALE R RS RS RE K
K EE ARk P B A o B T AT 45 I AT AL B 9 FLIX 8 3 F R AR L AE i 17 i L [ — 4 I
SERERE. 7T, AT IR R AR ARV T BN AR SA AR B A N B R S A RORAT EEAS I 1] R
P51, M FRGERE I v R4 [ 25 5 ML A1) S B3 AT 45 0 B — PR 8 M HHE B A 3L 5 R
TR KD A7 FF B RECIE V7 0 A, BRIz 4, 72 TUARER B B, I R GE A6 Ab 3 3L T8 48 2 1 P &)
G SR, Ak Ak B S R A b4 X RN, 8 T BN RERE 1/0.

6.1 HEXBEENX

AR /N 4 H PR SR e A 5% ) i A M RN A 5 AR

EX1 (BHX) hrE—MEHEG=(V,E), B v ZrErE ¢ FETSHES, ERrE
HE G FIaES U BAXKEERE G FTUSES V RISA n AN EAHAS T 74 01780.81])
WAE Vi, Vay oo Vi Vi, (1 <i < n). 43X P TSRS Ve, NERE G M @ MTS T4 Vi, P
MLI%EAEp, = {e(u,v) € Elu € Vp,}.

EN2 (ZHY) EHEZEBE C T, BAEETTEE M E SN R N N i 2%
BHTRESS B (BEEAS) BRAE. T HE R XRFEE T4\ v Fi 4
s, AR, FTA NG B AN 0. B 4 Hheh T RG] HE T TR N i R

EX3 (R ATPG /£55) ATPG AL &R A s AN MU A0, B AN 3 B 2, IX AN AR AR A2
ML FARSS . X F IR AR B, AT 2 H8 AN R (R U [ e A . 0o i), AT 4542
i [7]— 0 [ 2 %o A [ s B A L. R P ST 55 TT DA F R R AT, TEASC R G — R o It
K ATPG 1£%5.

6.2 FRLIEZRFIINEEIER
B, BV EAR S P R AR R AT LU K. — KRR RS, Bl G = (V, B) £onmE
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GraphATPG System Architecture

..................................

I‘L ................ | evevwvvsevven Lo, Chunk
T [ chunk 1] [ chunk 2 | shel

-4 chunk 3] [‘chunk 4]

|
'Graphpartltlonmg Memory Synchronization |
|
|

management
module

Graph Sharing Control Module ‘Lsynchronize | prediction

~ ok ] LLC
Partition File | VertexFile | chunk 1
(Edge Table) | Chunk Table | Graph Analysis Task Queue W suspended Task
] D Unpredicted Task
Preprocessing Module | . . D D | Pending Task | g [ [ cstmoted Tack
| Original Circuit Data I ............................................... control Flow
Disk Suspended Task P Data Flow

5 GraphATPG RA%%EH
Figure 5 Architecture of the GraphATPG system

AN, 55— GRS, RESEIE R RS B T B0 RIS, W TAE B E 55, RS s A
. LBt T PageRank Sk (44851 AT PR A (M BT 20) AE T PR B, X T3 id
gy B AT N8 ID MRS, RSB R, BT 5% 5 2l i
P PR R K5l X T R AT 5 S $R A RIS i, BB S SRR BISOR . — ORI, B
) P15 2% G Je g 11 5 A s IR S B 0 DT A A g D12 440 53 e A O R B0 ) R it DKt 7,
HEAEA KB E HTAES5 75 AT, XL & AR 55 AR AR R 0 B Bl 454 BT ASCiR I R S
A LAFE 73 A X 2 B 70 BT A 55V T 1) 8 R 0 P P IS 22 SRRV, A P 5 A 80 B0 A AT O 1 e T4
S5 B 5 4 T ATSC GraphATPG IR G4EM. © il 3 D T ZBIAL L P BRI Ly
PR [ 20 A BRASEHR, T THRE S 2 X SRR AR

FRACFRARER. 1E HEE VTSR, 30 A8 FH I R SO Rtk L B ) R A S ). R S i L L
B RAR R L B ERSCR, (BEEEA T EIVHE RS, B, 76 BICHE A, D40 R I N %
AN GraphATPG T s B T s SCHE AL FZe SCpF. For, T S Fa i &4 PIL PO #
VRN T S B R I T, ID, FEFR /S XS BT A ID (2R, SR T R A A ], g A
PRE R RAY. 5 SO DL = e 20 1) 7% A7 it ri B B R R 26 113l fEE 2 )5, GraphATPG
B EUT0 R SO A A 2 S0, LR T 2NAL B 41 2 DATH R & TR 2 88 4% GraphATPG @i 5
13 H 2 AR o B B HEAT 2 X, B0 IXPE RS 308 B iy 43 X S . ARG, GraphATPG ¥
AR5y B n AMESEH X TR], P 2RSS B BT 2 48 208 53 B0 B2 X TR H B O3 X, BT 23 X
(3 B B RARAR ). BRIEZ 41, GraphATPG b2 pli— AN oosOfF, R & EBsEmeRER. X
P T I B 1) 70 X RE A% AL A0 ] Ak B A ot 23 X T/0 AT N, b B s n T 8. R, 7k
BIARLE R0 ) B (1), GraphATPG 273 X ik — 218 40 73y, X143 Ja i s Hemy DLEEAS In 4 )
RFLZEAT (last level cache, LLC) b, KA R U IIZRAF 556 1.

B ZIEHIRR. fE A BT, B BAR IR E R AR 7> N2 A0 X, R4 DO R g A b
I — AN I3 XS P A R RO T ) 8 2 DX SO AR A 5 5 18 23 A A 55 04T I A A 2
KAt P DX ) PRI 5 R 50 REE R o0 B o T A 55 36 2. s Pl S A e BT S b BT AR B — e
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HIRZAF AL, AN A, A EDRAAFEIAR, it v B R 0 e 18, T L P i 1] o 2% T
R RO AT AR e, — AR B SEAE AT RE T, 8 7 BB LA AR e AT
JAZACER. DR A A R T 32 H A T RO S O AR . R U B AR AR, T BPIRAS
Feaml e[ 2 5 5. i FIREEE, TR ) A H0E 2 1 MEOE R ) T e BB e SR B v 3t R 47
E MR EZ I TR, TR AT IR AL 3, A A58 M AT AR P Tl A BET 4% T
— IR BT A RAE R, KUk, SRR o3 X 7R LA A B 7 M A 555 0 X B I
FE—ERERE BT AT, S a2 A e Xk dn i@ B AR R], I B0 RCIRZES AL 7 ) A R 4
IIMTAESS AT IR AL B I I 73 WA 55 AN IO B A R 20 X 7 5K, 1 ELX T 20 DX AE i
FeAtk bt 08— B0, XA N 20 X BEME R AR 0 JF R AT 55 A0 BE. 78 i A I R AT 55 AR B 58 24 i 73
AR H I Ja, B AR IR GE i T I R A 55 7 BB N — AR JOF 408 M ok 52 T 7 A0 3
I A XL WEREE I RARF I FT S INE M 7 XBEAT AL BE, A2 B = B g, 52 mf
BOYIX g, B fI LSS GraphATPG 75 ZEAE A A7 Hh 447 1B 45 1 B8 11 21— B A ek e
AT IR EUESS 00T, IR KD T AT AN AL 1/O A= T 4.

EILEIRRIR, EHE S LR AE 755 A 1B 7 A A 55 BL—BUR U 17 17 B2y X, X893 X AE FilAL
B R — P . JE BB DA SS BE ER TR A 78 2 [, (EX BB T i m] BEAE Rl — 7>
Berf, M ERAERA LLC W BRSSO R 55305, T i R AN AR 1, 254~ B 0 # A 55 AE AL B
FIYERIN, S BRI S E AN, DT SR R AR XA B R S5 R i e
AN B EIFE] LLC o, SEOCR BT 0 RRAS. Dy Tl X — 1), [R5 BRLHReR ] T —
Tofr et STV P [ 28 T3k, 7870 A B 0 WA 55 22 TRV R IR 2 SR BB . A B i 4L B2 ) 20 1 7 WA
55 Z [R5 Rl B A2, A4S 36 2 (1 B S5 A B R BE Mg WAL IR LLC . BARR U, [F20 8 B 2
FERFUGE A AT E AN FAE SRR B TAR . 2R5, [R5 B BRI S 55 1) TAR &)
AR L A TS BEIR DAL EATI R A AT, AT AR A A SEBLEA TR 23 X3t D (4 [R] 25 a1 5 3K,
FAIER AT ENE] LLC Ik, B3 B T B ) oA

GraphATPG [EEA TARFURE QN Frid. FANBEARE ) 4 AR IR Uh fL B Bt AL O R BR 0 A1 65
Prits ZREHR L. 5 120, K JEn i A P i B R ME B OSBRI E SR, 5 2 8,
JE B BRI B, TRUAR BRI 2o SR BEAE PR [ 4 i A7 i, 40 CSR AR 3. BRI R R 44 T s
THRF X AR R AT BEAT M D, 48R 0 BRI F R 51 #2a3 Pl A4 N — AU B1R, IR — At i s
NN TRAETAFN R R BT 5 3 20, RPEN (4) tHEH 2 X EL P:

\%4
%X(Dvp+|!‘]‘ XDvs+2XDe)<|Mem|. (4)

Horp, (V| BT, (VP AR 1 AN XA RTHEE, Dy TR R PERE K/ (B2 T3
TIEE), [T B8 K m JE R AT 58, Dy ATNRUIRESEHE KN, De NIDEHE KN (73X LI
AT S %), [Mem| ANLESPIBE AR, 73 X8 P ROZEGH 23 (4) IR NEBEUE. 15
o XE P A, R R R 0 BT AT SRS LR TR R 51 R AR KN AR P Ay, R X —
X, ATBLE A XCRIC RN K E TSRS 28 4 8, RSO (O], KT
A XAEZ R LRIy B, Y5 BAFARAE 72 REE (chunk table) 1, B4ERZE G| JPED X RG] &
ST R S AN R 2R 51 A2 S5 s B R (O AR B SE e Jm, P mE I 2l 0 #r -1 S 3R i — ik
KITHEHEZL APL, R 3% F it 90 41 1 rL B 0 AT S sSe BV IS AR k. R/ S e AN R R a6 1k
AN REEEIUT, B IHATHA S T — DA BT ESS . D920 [F — A B BEAT b B, 3
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B PR 73T A 55 M T 58 4 AH R 1 B Z5 A 3800 . BT TR HL R 201 8 R R AT, I Hosid L A2
77 FSLIRT [R]— 3 Bl 235 A Hicahs B A 1) 7 )

P 3 2 42 A 3 5 S22 T % 20 DO BRI IL S 2%, KA1 S e v ) 7 XN A8 81 9 A7 R 9 5
RS AR, RARSCHny, FIL s B S 4i 4 — AN IR RAESH1%K parallel_job list F1—4 73 XCIR
A3 partition state_table. parallel job list A7 | & MES MR id. HFEDRESFIRALE > X R
SIEEMEE, F 8 E C MAX JOB.NUM [ER PR parallel job list IR/, BIER K IR AT 55 4L
24 parallel_job_list HT55 BB A 1A B i KBRS, B P 34EH 0 IE R AL 5. partition_state_table H14F
i X R T 7r KAHRAESSH . 4y XA AR S B 0 Sk & AR . B, —AMESS § X p I
FRAESS, WHHES j R 2 X p. ERIIRIGERE, PTA IR RAESS B, Bt ) i b
h parallel_job_list, %“:EX’M:‘E%E’J%AME%IX%‘?%I, EES N partition_state_table o X 2 5 AR R Y
RO AR — MHRAEST, R R 73 DCH AT S5 BUE N 1, HRAE S5 3R id 1R B8 45 R A A
FARSTHER R, 1, BB BB SREU SAT 55 Hm KRB 70 X 31, R 1273 X 45 g Hidls R
B A, 815 XA AT 5 R &, I BAE partition_state_table HURHINER S X 28 516 B AH
FATLFHIEE, BFERSE RO, A TAT I AP 5E H 7T 70 XN P A WS ERTH AU, 7T AR —#3AXT
it EE AL AT R T A, 4 AT B AR PR 23 [X . BRI, T8I 7 EERAR AR S m R TV, AR5
TR TV R 2R 51 BRI 43 X 5] X ) A HZ AT S5 N — 50 AR AL BE AR IX . BT — A IR RAT S50 4 Hi N2k
I3 X HIALEREE R, BB parallel_job_list % IF RAT 5 FIRFAL 43 X, FE5EHT partition_state_table 15
R AL PR X R G AH R R I, SR 5 HAE AT 5. A0 RAZAE 551k B 008k, AN parallel job_list H B
AR XSRS H S54SR BERT RO AAE ST . BB F AT S AERTA A IR 25 bt P 3R L5 1 ARk AR
TEERTIUAL, P DA SRR BCHE 55 (028 1 ML X, HF B partition_state_table. =4 FT A I A AT
S5 H M A BA BRI, L S AL PR A SRR 20 X B AL B, AL N % partition_state_table
AR SRAT S R KR X BN AF, R B RE, H 253 parallel_job_list %S,

[F) 20 8 BB HR A TR B0 Bl I AT 5550 73 DB B N 3t AT [ 20 . BAARSENER, % IF K55 LiE
YOV RAL, R nE S LLC AT A3, B ima — N2 E] LLC P, &A@ AL
EISRICE AT R 1238 R e rh EEAL B RS ERTHU AR [F) 5 48 BT HUR I 5 T R AT S5 1R A AT i | AR £
B, LU C TSR BT, (845 %5 I AT 55 BERE AE [R]— I ) 58 Bonf M AZ AR I Ab . 2 )5, DA
B TF A6 IR R — AN BRI E] LLC 1, B 2P 1S ERHLAb HE 5e .

WO o Mg AN 2 IR AT R GIAT L. BN SRS B0 TR RN, A SCR G B
SREME 2 AR 2 N AZ I B R B A8 IO AT 55 B AL B (LA AL 2 1 P B B ) 3990 B A, 28 HhIX
SEo R RAZIFAT AL BE. Ban, S R —MESS, ARG RAZAT S5 1 A PR HE 2 70 2 13 28 H A
WAZ AT O3, AT ARIE R AT, % ATPG LT E0R (% TR s 51 36 1)
PSR, A Aot T S ) LB P wlows, BB ZR [R)K/NJg 258200~424800, RS HE S X)) i
KT B EE (BInFRATSLE - & KU 28 1%). BRI, fEFRAT RS P K 2 s Lk T AR AR
A (AR RAER I 24 D BAZAL T 2 HRIRE). ARG, A% 01 DT —AME S5 B 7 4
R B B BE P (R 2R R, BAESEUD TR BCERS, R8BS HEnE S iR 8 25 R A%
OB f 12 A 55 (455 Ak P R B LB 38 70 2 A, A8 IR S 23 PR AZ AT AR ). S R M Ak PR e 0
AMESS BIEIEIN | 1ZAE 55 HH 5 B BUE S 8T / FE HOAE 55 O B8l B 4. XMEIRE, TEA LR G, (155
FIE R 2 M A SR EUH SR, Wl &2 ARG 5 BOE RIEE B 5 Bl 72 N A7
H (BT 6 28 £, B HA 28 AMESS HIEHE B WAEH), A2 b FI R & 1) N A7 73 ).

FAE—H Linux R4 28 (28-core Intel Xeon(R) Gold 5117 CPU A 256 GB M A¥, CPU 4%
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*2 ATPG WIZRER
Table 2 Experimental results of ATPG

L . ATPG runtime Memory overhead
Circuit name Vertices Edges Faults - -
Atalanta (s) GP (s) Reduction (%) Atalanta (MB) GP (MB) Reduction (%)
wl 68600 132200 258200 969 381 60.68 76.864 24.132 68.60
w2 74800 144200 282000 1018 408 59.92 78.189 24.588 68.55
w3 81000 156200 305800 1054 426 59.58 79.686 25.545 67.94
w4 87200 168200 329600 1171 446 61.91 81.463 26.184 67.86
wb 93400 180200 353400 1091 519 52.43 82.952 27.449 66.91
w6 99600 192200 377200 1122 503 55.17 84.337 27.792 67.05
w7 105800 204200 401000 1196 532 55.52 85.197 28.509 66.54
w8 112000 216200 424800 1221 544 55.45 85.832 29.146 66.04

& 2 GHz) b, %F 8 PNHLEE wi~w8 HEAT 15256, RSB ML, KIE T il 2 SR A A,
HLEE FRFIE AR 2 Fros. HERATTMHT R4 (graph processing based approach, GP) 13 2|1 546 25 R
FI Atalanta 38 FI45 R UK 2 Fion, 45 RRFAARSCIEGR T T Ig81Ti R ATRA> T A7 44

7 ARREIPRERFIE KIS AT ]

KT DR E R B D AR, DR Ty R, nT DO ek B B R Sk
bk AL FRATT AT FE DA JLAN T .

7.1 fEGREM ERRE RGN

I B R R G, K ATPG A1 55 T A AN B U7 i ) 23 18] /i 18] SRR, JF AN A&
THEAESS TSR R 2R MRE AT 2358, UL, JF R ATPG AESEPIT R A E KR
TOAR HANHEIN 80 0 ), A A5 b AT s o™ B P 800 0 R SR T J2 B AP B 5 A 280R Y 45 B
i, 2% FEIAT ARG SR IR ATPG AR S AT I A R AR, D9k, il sEit i ATPG i
TP RGERFE D IZI MBI I K ATPG AR 55 Z [EAEIZ AT N HEICHE U 1] SBE A EI TR RCIR 25 22 1A]
R SRIBNE, JFE WA MO SRR & ATPG AR SSAEIRZ AT 6 L A AT 72 ik 75 e e (1 1) . ey
FEL IR T P P e R M R R VR b, TR U SR R S B 8077 [0 A 7™ 6 P B PR AT T S, (E LA 1
R3S 78 A I —Fe bk, SEOURRIEIE VT FITH. W23 ATPG S35 T0 SR e A e
B B D 1] FRAR S, AR A S 0] PR HEAT R 23, PRATE B 20 X o i U7 1 (0 R v 7 TBT ) 2
I 4 AL BRI P AR AL A T ) 23 B ) — 2 DX vl B B 0 X R U AR Bt R S RN, 3 o, mTx AR 55
T R P B BEAT R ORI, 6 I R AR 55 B Uy AR E S 230, B R o B B AT sh A Ry, R
R/ IN BRI B LA 25 75 1) 8 1) e 9/ 0 o P et 8, 3 T AT e P 5 e S R £ Pl i A L.

7.2 ETEHMEFRA

BEE BT AE: (B, GPU, FPGA, LK ASIC) WIAWTE R, X4 il MR B R K ATPG {145
PATH R THUEFIBEEL. B GPU @ SR A KA IAT THR SR IR IR AR mr kB, (H2 K ATPG AF
45 Z NEIAS KU () 5040 i 1) 5 BOK U AR VT IR T8, MRS T &K ATPG AR5 1HHMIEATEE. Nk,
WALV AT HLEER S 2R GPU s AT HER IR MK ATPG AT451HHE Ak 28 1) B 23k
1. BN, FATAT AA SR AR AR B TR R AS A5 38 « ARRR S BB At . CRAIE i R B Bl U
) AR E I, TSI R ATPG AT 55 B8 78 00 R R Z F-AT TH B B0 0E, S et . ok, |
S8 FPGA 1 ASIC Reff A3t K ATPG (RS PATIAE T FIAZE i T R AL B s ok A R i 50
R, HREANTH GRS A AR IR E R EHhR. Rk, FA17] LA & i R %36 & ATPCG 1452
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(F1) B0 U [ 18 2 ) Jo s AP AT ) Joy B2, S B el 405 ) 30 A T DR 28 0 F) vt 8 2 A5 97 1
FEI IR P A USRI P A B A R

7.3 ETHAMEFMEEGOMK

KEFAEEE RPN WG R IR ATPG AT45 BFIEE UG M A5 3R 4E T HLE. NVM,
HMC 1 ReRAM S5 M A7k T 11 R 8 A5 500/ a4 2 5l E W A, BT BT S0 — A vy il
SEAETR N, R AT PLE R R 3k ATPG A 55 IBE U ) S SRR A0 A 78 0 4231 NVM,
HMC 5 ReRAM FIRE{FRRME, IR KHLBFRIF R ATPG A4 % Ui il JF4. IF ., SLsctt 5 |
A AR RIS R SR FH 23 A AR 1 7 Uk A B8, Ditks, mT DU b A 20 R ) RDMA 55387 M B AR SR s
DI ATPG T4 FENL A8 0] (138 45 44 A0 PR LA 1R . DA B3 AR R m AT 9 K ATPG
RS FRAE TR T BE. IR AR B 2 480 R BN K2 I A S fa e, S MR RE A R PR AT 2 3 8508
EV I TF8S 5 ) L S5 RDMA (e NVM E038 525 45 2 Bs U (DS, n ok I i) 55440 P9 A7 1)
B AT LA T B 70 AN [ () 5 AR L U A7 R A7 6 75 A T 1R A B AR T84T B s 0
AR BNASERE EELE . PRAE S B3 5. mT I B 4 2% K B & v AR ) e 72 i
£ DRAM 1, gt RDMA FREFEEHE U5, WaTERE 50 RDMA S#/EREE— Db 5 i
IR NI BRI ECE U 17 F 4.

8 R&E

ATPG SE R REAAT AT LA 48 VLST AN IS UE I 18] LA A, LA ) ATPG J7 38 i
FEAESBANIINT  FFAT HRE B — | AP AT B oy A 22 4 1) . o 1 BT S R R RO AT EAT
T TSR, BUEASOR EITHSRAE ATPG AR BEAT TR TE. AR T ATPG Sk
BRIk, fe T BTSN /R A % ATPG HP I IPkAR, JFE8 T IRA 1B T 17 ATPG
AL RS, R A ST RS R GESCRE ATPG R SR BT I APk A 78 7 I 3EAT 7 380 A
RS ER AL TR AR HAT TIRR, A B TR RN BB R AIIET ATPG J7 %, AN
R IBETE S SR REIF BB A, RRIATHRE T K EDA — L, mi8CCH EDA SERIHA
AT, A B B B AR AT — MR S DL R TR RESR T T
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Abstract Automatic test pattern generation (ATPG) is a very important technology in very large-scale in-
tegration circuit testing, and its quality directly affects the test cost and overhead. However, existing parallel
ATPG approaches generally have problems, such as load imbalance, single parallel strategy, expansion of the
storage overhead, and poor data locality. Due to the advantages of high parallelism and high scalability of graph
computing, graph processing systems that are fast and efficient and have low storage overhead and high scalability
may be significant tools to effectively support ATPG, which will be particularly important for reducing test costs.
This paper explores the application of graph processing in combined ATPG. We introduce the graph processing
model, which transforms an ATPG algorithm into a graph algorithm; analyze the challenges faced by existing
graph processing systems applied to ATPG; and propose a stand-alone graph processing system for ATPG. Then,
we discuss the challenges and future research directions of graph processing systems supporting ATPG in terms
of optimizing traditional architectures, accelerating emerging hardware, and optimizing emerging storage devices.

Keywords graph processing, VLSI, ATPG, electronic design automation, circuit test
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