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Task-Based Parallel Programming Model Supporting Fault Tolerance

WANG Yi-Zhuo, CHEN Xu, JI Wei-Xing, SU Yan, WANG Xiao-Jun, SHI Feng

(School of Computer Science, Beijing Institute of Technology, Beijing 100081, China)

Abstract:  Task-Based parallel programming model has become the mainstream parallel programming model to improve the
performance of parallel computer systems by exploiting task parallelism. This paper presents a novel task-based parallel programming
model which supports hardware fault tolerance. This model incorporates fault tolerance mechanisms into the task-based parallel
programming model and aim to improve system performance and reliability. It uses task as the basic unit of scheduling, execution, fault
detection and recovery, and supports fault tolerance in the application level. A buffer-commit computation model is used for transient fault
tolerance and application-level diskless checkpointing technique is employed for permanent fault tolerance. A work-stealing scheduling
scheme supporting fault tolerance is adopted to achieve dynamic load balancing. Experimental results show that the proposed model
provides hardware fault tolerance with low performance overhead.

Key words: parallel programming; fault tolerance; task parallelism; work-stealing scheduling; load balancing
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IREE 1 AN AT AT R P B R B AT L T AT RR S B AL IR AT AR P A BT BB AT I AEAN R
PR 2R G5 R IR S AR IR SR IEAT R R IT R I3E 5 L T B8 4T 245, il OpenMP,MPL,Intel TBB!Y,IBM X101,
CilkPV JEATFE P Al eG4y MR AR55 SR S R DR FE ) b R4 4T 1E . 4 2 FNAE PR G 10 4T 1R T 7
i PR AL PN LIS U AT 45 R AR JSE 1) FRAT 1 J0) i I3 P 22 AT R 1 v O 1) o A SR AT 45 AT R T i
PR R8Ol JEAT R BB (1 32 951, 1 TBB,X10,Cilk, TPLP, OpenMP 3.0 % AT-45 2 18 45 |- m] 37 43 Bt i)
TR P PAT B0, Be I SR R R AN ) ) HAT BN (G AT A5 I0-AT . WaIFHT), XL 5 AR L A A H i R
PR BEE T AT R R

FIRE 2 AN i) AR 204 R A B Ok 2 1 50T RGN IR R 2% i 4 i, 18 R AR R AR R Y
JUZA T BT, R TE JR G vl v, 75 BEAR A BT e Bl 0 ) 25 6 L SR AR AE AR G ) P 52 1 IX FE I B . &l
LA TR AN g AR R I DR PRI DR 28 A R 2 A 0 1) R A A e 1 R % A
AT 4 A 3 2805 5} 4% 4% (transient fault) 7K A 1% (permanent fault) #1117 B4 1% (intermittent fault). 5= 57 4 £k |
FORE TP A5 PT g 5 | 2 A PR 25 1 RO TR A T B0 7 G0 4% B AR B % (SEU) . 247 B (MBU) &S X AR TR A
Mok BT A5 15, 7 2 R PR 58 o e A AL, A S M R A8 P SE R ) B R 2 — B A R 2E . Wy BB 45 n]
B8 T S HEAN AP PR T A0 R 2R R, W IS TR AR A 7K A 55 D B 15 e 8 7 — BN () P 40088 A A P A i, 00 6
TEAR B A REGE RS E (A0 R 50) B v s BRI B30 46 5 D R SCEE R bk U Bl e 5 % A 50 30 e 52
TR 5 AR A LA S T A B AR A ST R A A . AT R PRI N RS S AL

FEATFE)TP BETE 1) R e 4 2 A AR S T 8 BRI AT R0 Bk 8, 9] a5 5 A0 00 3o 2 w0 AR BRA T 7E 2 A% AR T
AN R 4k 358 70 W) AR e RE IEAT 58 1, 5 B AZ IS AR R HR AT TU AR BAT AH EE RO BRAIC T 288 %) BF [ 44, AFL [+ )
7ok T [R] A5 R0 e 56 4 4 ) AL AR H T O — LU T RO 00 A A R (X B i e Bl R R T A AR RO, (R
F T 6 R 00 Rk 5 5 TR 5 7 3 5 A, DR I Al AR S il AP 39 9058 1) AT M R AN 5 78 4 A SO 9 — B S HF
P AT 45 HATRE P W VB FT-TPP(fault tolerant task-based parallel programming model), ¥ % - i& 4%l fifi £
BRI A 2R T RN B T AR BEAT 55 I AT 2 13 e v RS 28 v 78 B 2, LA 45 0 B3 B AT B R A 5 Pk &
T I SRR AR I A D BT 55 R B SRR 38 4 R AT AT 45 FAT I, AR 2 48 FF40, TR) IR ORI 2R 48 19 1 R AT W) k.

FT-TPP 1) E2f A7

1) DMES A RBERAT . B AR & 0 AR G,

2)  SCREAE A 58 PR A D P 52 5 W R 5 SR F AT 95 R B 1) TG 4R AT R LU 3R AT i R AT 0 R FH 2 A2
A1) Buffer-Commit AL 32 F7 85 15 Wk 5,08 7K A 12 SR HH O R A AT A 0,2 FH S Y 4 TG 38 A 4 o
HARSIAS S

3)  AlARABIE RS R AT Pk S RNAT 25 B ST R S B, G 7R AU M A A

1 tHXITE

1.1 FERAR

AAEH R EEAHE 3 A5 AR K (fault detection)« 4 1% 2 Wi (fault  diagnosis) A1 4 % Pk & (fault
recovery). 5515 12 W7 2 0] EE R IR HE A T8 03 F0 S8 2 23 AT, AN TE A SC AT 5 e .
L1 s

A %) M BT 4685 15 T A T B T A7 o R B Ak 3 T v A A v % D I A 15 O T R R B
(ECC)HEAT K0 I L 280 42, M1 DS B A B 88 e 2, 245 380 TV AR 8 T Ak B 3ol R 1) e Il 685 0 A 00 3 44 5t 1 o A
17 5 LA, A 59 R T8 W 8RR D FE T B I 1 (replication based) £ 5 A5 W Ak B BE M E AE AL T — AN B
(sphere of replication, i i} SoR)\Z H1, 3k A SoR i, 3 145 4 4 42 #ll S AN ] (1 8l A 7 SoR H AN [l Fill A 1) 4 4
BRI, AT, IE 77 A2 4 B B 0% LA 25T SoR B, X6k A [R) I AS 1 it 250 3R AT B8, ) SR A7 22 S LA
T2 .SoR A& R Z8h A A I 1) 3 55 10 5L, SoR Z AN A7 i 75 75 Tl it ECC 85 H AR AUE ZUai (1 1E A 2k

A B 3 R e DM A R A U R R R S RN G4y Dk R T LK.
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1) AR AR A% TEAT G B I SR R R 4R A AT SR, T RS A WA R 0y S HR A b A
N HC B A S Ky I 15  EDDIBIRT SWIFTP R 3% 25 AR (1) MBI AR 26
2) R AT SMT R CMP fif b F2 24 4 3R 5 440 70 1 /B A 2 Al N % b AT [ — AN IR T A
5 DU I A BR8P I N T8 G2 A7 F T A7 TP A B2 I PAAT 45 A3 1o P B AT &5 SR SR A WA 5%, 3
HKEARA AR-SMTUY SRTUHI CRTHU A,
3) G MR YRR DA 2 O AT SR A, ek — AN AR L R 2 A U R R IR R
AT, AR 5 1 FE et HE AR 56 1) 28 0 T 2507 8 04T LR RN )20 PLRUPH S 7 vk AR 2
A SC IR A A 08 I T 4 A AT 45 HEAT TL A AT R L.
7K A 5% P ARG I AR T 43 Ay R 288 s S A A 2R 4 ) 2 O T A A e s A 0 A P T g b B B
T 55— 2T AT KRG P a5 (R I, A ST T K AR
1.1.2 45
FE K B F AR BT 43k 2 ) BT R DK & (forward error recovery, 5 A% FER)A [i1) Ji5 4 % Pk & (backward error
recovery, [ #% BER).
o FER iS85 J5 AN 75 2[R B0 H 8 I 20 2 i DR 2 J B pAAT, T A 7 224 i I 221 v B A A R O 4k
S 1) BT AT TR A 2B FER IR AR 3 4%, =B TL AR (TMR)!MUE —Fhak )32 % B ¥ FER 4% A, TMR [ 3
ANBEHEPAT 7] 1A 3 40 88 I 7 B S it 3 ek — A 22 503 e 3 e B R AT B, DA S IR A 1 11
o BER A BN, 85 R 345 5 R AR 2 A (KR4S BB AT AR 3 e 97 SRR 7], BER F AR W] 43 A 6 A
45 (checkpointing) Al S8 H & (message-logging)! 1 Fit 45 25 5 B AR M A7 A8 25 55 1 Y 28, 70 20 0 &R
GRS 7 25 RN A A a5 ARV A7 A 2 AR A SR, ST o O A P RN A A AR
LT R S50 73 K 58 SR FH I FE 0 8 A 7 a5 o S R 1 0 &
BRGS0 A B AR AN S A N D AR 22 B0k 2 £ E R 1, 0 3 T R R A A BR (ABF T
TR T SR B R IR S B A I 5 0K 5
1.2 FITEEFRIHRE
AT FR 7 BT AR MR A LT 17) 1K) R G R G5 AR ), 1] 20 b A X LS A7 At . 0 A sUA7 4% . GPGPU AR 7R
PGAS LA SR A R b L S A7 it R 8 (W AT FE P ¥ i B AL L 45 PThreads ! OpenMP 45, JLIFAT 114l 72 H
2 LR RS, TBB Al TPL 25 T4 45 (1 J AT F A A0 A2 K AT 55 U B2 3 22 B A% b s I O RAT AT B0 43 A1 U A7k
FRGE AT R B R 2 S o 3 AL S MPT Lk 3X T T 1 B RR . 5 A0 6 R 1 B ST AT N
JH . MapReduce!" 1% F A R 46 Sl )32 N AT GPGPU, H T e R 4 FE AR 2 CUDA AT OpenCLPY,
A8 R DirectX A1 Intel ArBBRMB R4 T 3% & GPGPU 147 4 F8E T H PGAS i & IL4E {1 APGAS ¥4 3&
LT At A0 43 A AT 8 — Ok 5 1 A AR )y BB A — A R L S — 1 M ik 23 1), e B s AT UPCPPL X0,
Chapel 125 Bt %t JLAl 52 2% (1) R 48 45 K, al SR 1 3R i A o RS 28 0 2 A% SR BE R 48 vl Rl MPI+OpenMP 5
MPI+PThreads 25 5 5 & P2 A5 0 5K 2 411 1 a5 7] LA B 4T 5t P 22 Ach B A% 1) A J2 0 1A AT 1k
RSB 2 BN ), AT R BE PRI th ml 43 g R 3 2
(1) FrHIHATHFETE 5,0 Cilk LLRF L 2T Cilk RS IBM K X10 25 2488 X 8615 5 A 5 A A
FIFUEE I, AR A BT E AT 10 AGE = 928, 30, Cilk £ C M1 Fortran & 5 SEHL,X10 3T Java 521
(2) BATVE S AT 2, W OpenMP K FH 4 B - Fi5 2 T G FE N DA $2 606 JHAT 1 11 5 8 42 il
(3) TS S AT ELE R A0 54T B, i MPLTBB, TPL 5. G V& W Foft S B, B 2 IS AA B0 o k47 495 G 128 9% (10 45
DA B — AN BT 1B AT I I
TEHLA (0 9547 R85 v B o A5 A /b 3 2% 1 T ok A i 2 210 S FE, I Condor®Y,LAM/MPI® Open
MPIZ FT-MPIP7, Cilk-NOW!*] Satin®, ATLASP 45 7 3 28 2 4 v, 405 SR FH K 7 ot L 1 S FF 4 5 0k 52
1,Condor SZHL T H LT ™ 20 7% 45 %2, LAM/MPT R JT 3 (1) BLCR REER SR 75 55 Th i B (KR B LA 9
AT P B VIR L o Xof 25 4 (1 5 R 2 02 A o Kb B PR s ) W s, B K A AR, 24 AN A B PR G (T ) R AE R R R
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H FC A, b B B 50 A 5 J R T R R T AT 55 X A8 R G P B AR R LR R DR AT R BT AR B A B A L R AL
BN A TR AR BV IR AT RE 7 B vt B I 2% R A T A, EL VAT 08 IR I 8 PR G BRI P S AL ). B AR O 4
HAB AT W AR AE BT I ATRR T BV (1 [ I 2% 18 T A4 012 (3 S — FO (4, A 4 4 1 2
B RE VAN R AR 4

AR SCAEFETAL 55 AT R P B v R Ll 1 Sl 17 0 I I 5% L K R R A g R A3 — St AN R
BUAT R BOAR] 5 T AT RE e Bt A TR AR 55 TUAR AT S R0« R S5 AR % 18 Bt 48— 1 G
GIEh

2 ZIEARENESHTEFRITRE

Gy AR IR T v e SE A AR R R DA 5K 2 FT-TPP 1 S ZE 8 v Il . 24 4R A A ) 55 Pk
EHUHIS A 55 FRAT R WOt BB IR 5 TR B L 1) 43 55 Tl L2 A TE DG IBR 14 451 Q685 5 A W0 ) T AR A 55 56 i 2
JE SEVEFIAT 5 B I B v, AT T 5 SO B DA I S Bt T S8 A 15 56 41 FT-TPP (R AHEZE SR J5 /41 FT-
TPP (¥R A I 5 K AL, 2 )5 A28 FT-TPP SR A 25 AR G BT 55 1 1 25 D0 B R R
2.1 EEHITERFRITEIES

FT-TPP [l In) 2 1% S BF R0 AL A 9 J2 CT7 s (RIS A ) IFAT SR G 45 M I R 4, 2 — N T 45 1 IRAT 2
7BV AR — R UL B TAT 45 I AT R P B o B R A & DU R LA T A 20 (1) FHATAES AR RS R
7, B 55 58 SURTRN 43 J555(2) 55 W BE AT, R 2000 T AR R 8 BRI B 28 ¥t (3) A0 S Am LI, 3%
FAG RS E TR I TSI SE I (4) X IR U s R A SR AR R (A DG BN 45 4 5 SRVE S FT-TPP
FEAETTPAN 7 100 X0 T 2 A W AF 55 JFAT R 5 v vt AR 2, 1) 25 45 4 S5 40 SR I 5 R S, DT e i 4 a1 - 4
FT-TPP 4T 5% ) 2 e 1 2.

2.1.1 AR MRS FoR

A SCHAT S5 FFAT I BEAKE A 3 R 3 28,

o KW IFAT (flat parallelism): DLAE & 3 5147 P 1) 8 B AR——IFAT I IR 508 T b 288 20, 25 1 R i
AR TANAH LB ST 76 ) — 3 2wt 5 AT i Ak 38 88 T L R AT AT

o NN IFAT (recursive parallelism): F T4 43 ¥4 25 84 1) 2 H, TBB, Cilk,Map-Reduce 5§ # & X X F IF-47
JER G T ARG K HAT FR i vk A 28

o AHMIKIFAT (irregular parallelism): HLEW A i & H DAG KEl(directed acyclic graph) R & 7w, B =7 53
FRAT S5 KN JA R TRAT 45 2 M KI5 < 2. 25 T DAG T 45 O/ T 2 WF 5, X Lo i 51 52 s bl )2
e R B FHAT 1.

FIAN K IFAT R — PRIk B AT T 2, AR 8 B9 7 AR 7 VR 7E FT-TPP 8 A% &,

LT TBB,OpenMP %5 FT-TPP i /K P2 34T R H i 20 AT: 25 AR ey =X, B 4@ 43 ] o0 (94 1 (677 R
BRI A5 K1) 23 45 i Gt B AR R IFAT 2 50 180, %5 AN B U] 547 SR b XA 4% A4 1 07 20 B AN AT 45 11 0 SCHR 7 7
AT LS8

FT-TPP R /K F 2 HAT B, B e i 2 SR B v 4719 R IRAT 25 23 B0, W HAT IR 6 K/ NGEARE, 5 s 80 pl;
o 53 MR IR TR i Py A bR I A R S HMELIRATT A, 7R T 5 P(i=1,2,...,p) R AR BR A8 T, 910
A VA Ay AR AR — b B W A,=1,2,=2 RIRTE Py B AT AH R AR SUUR I )2 P I 5,43 BC &5 5 719 s I I 34
2 F s ARG

>4

_ R ] L R
=u;+Lu; = N\|,j=L2,..,p—Lu,=N (D)

P
24
i=1

FES8 1 RN SE L2 A A A 2 18] 10 3 25 S 3B, o Ks 23 IO 19 IR 55 3 00 45 35 A B A 20

I =11

25 j+1
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R LIIAT 5530 53 FRVF 22 /M 55 JX B8 /IMT 55 DR AT AE 45 DAL (T AR LA BT 55 BA B HL, bR A8 57 RS 1 3 08
FERZ ) B &R /IMT 55 LLIS B 00 B8 i BB A 52 7 Mo SR N AR B A A L R 5 gt 242 AT AR 55
K9y, C X 3 Ja [ AT 55 B R/

[R/2],R.=0
R, R <0

i

(2

BRI T N K Z/IN AT 55 B, KBRS IAAT /N B S AT S 78 T JSE T4 R0 A7 3 18 4 - 1) R A~ 4, 2
AL G A 1 1 FSSPAIHLRI 5. @S2 Pt B oK /N 1 B, 55 55 B I FEAR G, eh P S N

FT-TPP X 7E75 s b 2 A TAELREAT AT IR A H v g2 ikt~ 2 1

parallel for(iter,low,up,minsize).

iter JEARHAEHIAL 5 Jow 1l up ;EAFFRIL T minsize 42X 53 5 16 55 AN 55 BB 55 B BRI AR B 357 0L K
FTHe PATIRT P RENE IAT PAT IR S B R JE R R AR ER (40 43« PR 25 #0 B FT-TPP 58 i 7Rk — 5 1)
TAER AT & FT-TPP s 2L+ TBB [ parallel reduce 5 A FEAT G AL 1.

X3 )4 X AT FT-TPP KRR 7 71 58 X recursive A reduce 28, 11 F 22U R 2 H00 v 5 0 41 in LA B,
X 1 7 AN 2R SO PR AR A 1 .

>N+

Ry=u—-LR —R,.—Cl.,Cl.—{

class fib_reduce: public ft tpp:: task{
public:

long x, y;

long*result;

fib_reduce(long*r): result(r){-}

void run(-){

*result=x+y;

}

35

class fib_recursive:public ft tpp::task{
public:
long n;
long*result;
fib_recursive(long i,long*r): n(i), result(r){-}
void run(-){
if (n<CutOff)
*result=SerialFib(n);
else {
fib_reduce c(result);
fib_recursive a(n—1,&c.x);
fib_recursive b(n-2,&c.y);
c.nPrelasks=2;
a.next=&c; b.next=&c; ...
}
}
IS

Fig.1 An example of task definition for recursively parallel program
K1 AT AR 55 8 SOR
fib_recursive Wi i V45 A& A, AN L I, A2 OB AN BT fib_recursive AR5 X R A —A fib_reduce T35 %
G IFBUE N G R O6Z B o ¢ (AT IRAT 25 THEBEA 2,0 B b IR JS QR AT 55 BN ¢, T B 4 2 HURT 9RAT: 55 1 0
0 IS5 M AT I FAE AT 58 B I SO J0Jm 4R AR 55 1O i v o ats.
XA TR I AT R PP 5305 e i A AT 45 e AT 2528 A & AME S5 0 B R AR S T DAG BB B AT

(AR 55 % 5 23 BT

2.1.2 AR5 HE 53HAT
FT-TPP /& LT 45 2 3 A U B 50 G 1) FEAT R 3 e VBT AT 45 1A B8 S0 1R S Ak B b ml MR 936 A < fe /NG o
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AT IS TR R AR B A 20 0 SEBLIX — H bR, I B SEVAAE Y v Iy R 388 S B 7 9D BT . IR
2l R

FT-TPP i B 5535 I 25 RS B AR U R AN B 2 B — 58 BRI 220 A% v ST a0 0o vk ) 48 A XA B R
G5 TN AN S 00— o A8 U S 2 B 23 A A A 2, R RS Y e 9 S e 22 A AR A 2 R S A
J2 R REIX A JZ IR I HAT PEFT-TPP SR F J2 R A 11 18 £ AE B, 75 56 W) 4R 19 8 A AT 45 20 L i AT 55 1 e AE 1Y
RPN B A U L, AT I e A % Ak B 2 TR R G 4 75 T A RO I A8, DL A 5 T ST R AR 5%
BN 2 P MBS Ry A B SO 2R TG FS B AR 2% AN P SR R B N R, TRA TR X
AN R D Y R AR AR TR E AR T K R Y U Y L T A U S R A B S VR 2
RE VF S AR AR 1) B R0 B9 N, IR FR T A DA Y R D A 55 T RE B I VF 2 A AR B, L >4 i mT A ) B R
SIS SR DU AR T Y R BT 55 AT R ) 20 LR A T A e R I A A Y R B s AT A
A JR U B 25 (GS). [V, 275 St A S AR 252 — AR SAT 55 A AN AR Y SIS AT — AN R 0 B 25 (LS), f1
T LA A A A 2 1] AR AT 5518 LA R 4 J) R EE 2 1A A AT L.

User
Start the
program
Master node Worker node
Global scheduler | Core 1
| echodul [Corel | 7§ Local sche-duler
Local sche-duler
Core k
Core k|

Select victim

Work Steal'ing request

Fig.2 System model for FT-TPP task scheduling
K2 FT-TPP {155 M KRG A

FT-TPP {E RN A A% A2 4T — S TARZRE, LS SR — SR A0 10 AT 07 BT 55 4 B2 SR (L 2R 2.3.1 779)
VA A P A T AR AR IR D AN R AT AR R (KA 55 BA R D A5 I %Y R LS [ GS TAE Y K
JIk ARSI ORI EGS 1% 5 39 86 0 e I 9 A4 8 H bR 9 R O30 01 B AR 55 Ak 4 T
A0 HRFR TR SRYT 0, AT 58 F8E— T e T ) A 27

B R FT-TPP KT 2 A A B3 AR A 25 3,1 i A AR 97 ORI BE AL H bk £ s STk [34)
UE R T3 B ATLIE 4 SRS £ S5 A7 0 2R 48 PP R R AELAE 23 A1 sUA7 ik AR G v 1 s 0 FR T B DG K, B L
09 b 5 R B T B 2 3 BRI R R, DT S B8R e M 1) PG 181 L FT-TPP %o 5 i 1) A% 657 HCR
T 52 (K] H AR e 607 30 /2 1 GS EL#E wksE H AR L, 10 AN 1 LS AL HRX. D S5 IR 48 A 42 1 11 4
WPE,GS 2 TR T T R ST 5515 S B A 45 (KRN R RS T B9 45 AR T, BJREDUR! S I 4 73 245 1L 75
SRR T S I ) YR 48 B U5, A S5 B N T R AN DR T AT DR e, FRAT TR R TR 55 S BOR R 2 1 i (R 9380, GS A
AT RRCE MES TR A R LS FIPE LA GS AR BK BEBZ T AR5 T Hs X R, GS

2.2 SHIRHEN 5k E ML H

P T T B 8 T G A A I e A A B e a2, DR L T B BT A I A8 8 R R B i
2.2.1 BRI ER

7 18 LAAT: [P 15 I 5 1 A5 I 77 25, 40 SRT,CRT 45, 75 B AL 3L 88 14 R 4549 _E 18 2, EDDI #1 PLR HLARAN 75 22
16 U A (H — AN SR TR A G — A 70 0 T2 % SIS R R WU R B et K BRIt /N 4 o A >R i 22 5 oL DR ok, R AT T 42
AT 25 2 AR R AR I AT 4560 P8 DR /N3 o, T s 18 4 G B0 PR B R R I ) i S A AT S IR T . R 45
S PCRRAEA T 3R ST, TG AR A 2 4 b ) 3.
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N ASEI AN 55 SAAT S R R (D T I %, 75 SR A% AT 55 £ P AN AN 7] 19 AL B H JG (processing - element, fif £
PE) AT P U8R Ji X At R0 BE AT A 45 SRR S5 W A i U 2B, 2 BT 25 AT 56 1 4 SR R A
—EAR BT R R A R AR S5 S A PE AT O R IREEAT 5 R BB X EOR AR S R TR
AT (1136 7, 1 3 2 — 42 SRR o T 08 11 8 25 1 (idempotent)*>). 53 Ab, 5 1 5 T S AT AN ), 31X L BESRAT 46 ] [ 1
WA PE AT N i 23X — 2R, AR 2600 T Spice U TH ST REAL Wil 3 T 7R A4 PE X —A T
PEERE, R AR e RE 24— A BAAT B 72 ), 3852 22 18] DR A7 A 55 1) 16 365 ol 08 [l — AN 55 00 0 0 9 DK
P, 2 23 [ v GR AT (00 A AT 55 (K0 D5 Bl AT 95 T A AR SR R R AT IR R 4R 8 56 R ol MG w2 2 ) 22
B RERAAT 2 18] 11 oK, e R U7 1) FAAT 225 1) 1) B30 AT A 55 i 800 the 4855 N ARAAT 23 [R) 8K )5 3l 0 B A
G5 TR IS [ YA A 2 1R RA AT 2 T B0 AR U 0% e Je £ AR 0 0 0 (K i 0 I, FEE A A W) o 1) ol e
AL B 223 ) 0 A 4 AR AN AT R AR A R AT 55 T BE 2 LAl PE B R EHT AT

ViR e P e— o | sl
e 1 2 2 . AN

Fig.3 Buffer-Commit computation model
Kl 3  Buffer-Commit [f) 4 555

W i 58 Buffer-Commit (19500405, & XAl 1 5045 B 1) DG 1) R AT 55 AT ik 2 vh i 8 e 1A 508l A o ZE A ik
T LRARAT, N R8> Buffer-Commit (WA i, AT TS P 5 N3 AE (198030 (1455 S 1) ik
AR B A JR AR R AT G b % 4y R S B N A LW AT I R S 58 B B, Rk A v ASE b Jig 44T
45 N B FR 7 i 1 B0 AN B LR AR AL AT 45 S I AL R A e (LA AT 25 b A FH 141 e 508 ).

FT-TPP 2K [ — 4145 M ATE I DA IR PE AT 3R AR R T4 my B R AR HA 28 9 o0, b 2 e i 22 o
FIFRAZ 28026, M B0l B3O R 25 R PE I AT 4k b AR A 1 2.

3 T vE R AT 55 PAT I FR o AR AT S5 TR SR g el . P R AT I FR v R A R A AN 2 A
T I B T A v R 5, T AR FH IS TP R X SR S

1) AT 8 IR A X S A () T8 FHAT 25 0 AT T4 A1 P00 W 1T 208 AN T, T DA 25 R L6 B 47 v (1)

e B, R T 1R AR 1 A 55 AT TH AR 24 U 55 A0, 0 S ax 48 AR v (R 3 7 | A Ak 3B TG D i 35, 3K B AR
hRAK AR R AL S 1T B H Al AL B 550 B AT

2) IR UEERAEALEIE AT IR Sz, TR B AR, W EDDT 25 ARk SR A 24 18 L S B S R 1 1

ZAT W X 43 3] SoR Z 4h.
222 FKRAHR

FT-TPP 5% 7 A5 35 (AR 00 SR FH o B AL I AL o1 S B0 FRAT 1AL SR 480 v BEAN TH 81 s 4 Db 32749 5 Al AE O T AE
R EEAS TCAE T AR S 32 AORR O BT R, T RO I TR R B R A AR T R
IF, U Ry 12 AR 9 R A T R

R P S R B R SR BRI SR TE A A A R, T R TR PR R TR BT TR IR A A RS K B
O AR 8 RS 380 TR 6T 15 R 80 PN A TP TR, 22 AN T R AR W I T T S Rl R X B A S
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R IS RO S B DR LA S 1)

1) DT Aff 5 5 e T (1 R

e PR AU, I 1% 2 K A 4081 A E T, T HL PR A 408 AN 5 S ) B R 0 I R A B G e R R Y
XS AR G B AR TR 2R 58, IS AR Bl 28 90 45 Rl R 1Y sl AR, O %5 B8 2% IR A Bk e D AN S RE ) 45

FT-TPP [ 7 fi] S SEHL 1 9 o A A EL CRAFAG 2 5 (KRS, LB 459 050 ID U PP 4L 45, 99 p e — A
R 2 A SRR TAR Y IR 2 S DR AT 2 T 59 AN TAR Y s

2) WA dg ML T R R

FRATAE N V2 PRAFAS 78 25 10 AN A 2R G0 TR DR A AL 18 3K 7 AR L B v I 2% 18 O A7 BIAS 21 o o (1 N 7%
DAL ART I 32 AT A6 20 R ) ORAF AL T4 55 1K DR AT R e B H ISR v, 32 S 2% BB A i ] s/ ) s AR A — M
55 R A7 SN 3K AN YA B 5% DIAR 5 (9. B0 AE 23 DROFAT IO RE B Sfeid v AT 55 AL el JLAMT 5 504 5 R SRR

FT-TPP A4S 25 mi R AF A A AR 55 BASUAS 5 LU R BA S R PR A 5545 5 A 1 i HO R A7 et BA B S TR A 55 2R 1
By 25 K P e SCIRRSE I e DR A7 5 925 5 B 4% 1 s 32 RURAT 78 1 PR AT 55 B30 ol SV b DR A A 7 o A 2 DR AT
SO0 by R A8 SI2 o N P R ELFT-TPP S B o A 780 e DR A O B0 e R e DM, 4 Ja e ik T A 3 8 B 30
(% PE % 5 1)) IO 2 B 2B T .

3) KA UR A, WA HH A E Y R

A I A 2 O TR Y R R A G 7 e RS B 5 A AR AT

FT-TPP H 7l # 15 s 1D N> 45 K 25 sl O A7 80 d AT 10035 20 40 o, (00 A4 o 2 o 358, 2 10 o 1 PR 2 e
FET 2 b R R 1 e A R A B A3 L

AR FT-TPP A H i A B 359 R (0 P SR8 It (5L 7 20 A1 2O FAT T S0, 3 — 1)l LA — S8 A A
PR TT G AN AE R G BEE T AR T T, 2 Y R BRI, 2 A A T R A
2.3 IHEHAENESIAE

231 FHT ARG

TE 2 KT S S AL, 3R TR TR 57 R (work-stealing) AT 45 1A B 5 . TAE BT U B RTAT 45 34T RE e Wit
VPSR 0 SR AT 1 B A T B 5 35, 4E Intel TBB,Cilk,IBM X10,Microsoft TPL,OpenMP 3.0,Java Concurrency
Utilities 25 4T FL P BT AR R R 45 8732 B R (1 D AR Oy BUAE 25 A i 4 B A4S PE 4Ed—AMES5BA
B PP AT I B o 7= A AT 45 4 AN BA B JEG 35 HS N BA 2 A TR AT 45 48 2 AH H IS 19, BT B AT AT 18 AT I B4
PE M H T A 45 BAF I JR B AE OB — AME S5 BT, 24 A PE IIBAF A 1, i% PE Htss W HAlL PE [¥I4E 55 BA 1)
HGT I — AN B — AT 55, DAtk ak 1) )y 4 5338 08 1IN PE S BEAILIE £ — > H A% PE JE4T TAE 57 5L, A sk /1N 7]
RS AT 55 SR AR BN B IO 4757 B

ANIF) T DA ) AR GF IR 45 PR B2 7 FT-TPP i, ok SCRFIGE T 65 5 1A Asr WU, FRATT 42t A0t 1A o RO B2 07 =,
W TR SAER— W EN SN RREEA PE L —/MTELBAF (task queue)Fl—A &5 1T 55 BA 71l (faulty task
queue), 155 BAF v FR14E AT 5 FCK WA 51 BT 8 (A PE $hAT PR G, I bl e &5 3L, LR A (AT 45 Wk 5N 3L At PE
of () H AT 45 BA 1 o (B e a5 2. A 4 i 5 AR A2 O B T, R BT 25 502 8 R N BA B [RGB, PE. A5 BHAT BT 4 8
2SR AT 45 BA VI R 2 AT AT 45 AR B TR AT 45 BRI [ o Pl Py 39l 3R 7 M i AT AT 45 1 B A PE.

K 6 H— R Biliid 2548 TAEST BT & A B R, B Pl Py L2 —AMT A BB A EE AT S Co
C\.Poy A1 Py 15 5 WA FIT R ERI Co AT AT R, Py BEHE Co 11 P4 O(P, I ID),P, ¥ & Co (1 P"4 1(P, 1 ID). 1 5t
FE UL, Po, Py 15 MAT 55 BAH1 v R EUAT 453047 143 S0 BB AT 45 ) PP B i S AN AT 45 B — NPT IR B & e
(WIHHA 0),Py 5 Py PAT 58— ML R FPHAE e I 1,4 e=2 B, R RAT & P IR U R AT 58 AT % AT 46 W
UCARAT 56 T P s 25 S HEAT AH B AL 285 7 2 WA 55 A ZIT B Bk

WK 6(a)i 7 MR Po 1 Py ZHT5EAT S5 Co AT Py A5 Rs Py AT 58 Co, IR IRBUAF 1 R —A
{155 C) REEPAT .Y Py BT I8 C S 5157 L &5 TR SR ARG 00 28 5 25, I8 5 B 0 0K Co AT 55 A B Th BB 5%,
WA BT 55 A 1, IR B AT S5 B Py 5158 BN Po JL2 (W AR 55 BAF; an KA BI85 4R, Py K40 Co 3T 31 34t
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PE X (BEHLIE£6) (0 85 A 55 BA 51 I RAR AL 5 O C AR AT, oK IR M A4 1 495 O AT 18,

Stealing

Stealing %
=
j Faulty task queue
[} 2}
g £
&
=%
&
Worker
Fig.4 Classic work-stealing Fig.5 Fault tolerant work-stealing
4 ARG AR UL 55 1 5 A ARG UL S5 R
P, P P, P, P, P
Steal C
C | Compare & C 2 ¢
0 commit C; 11% \ o 1%
2 G L]
c c G
1 c Task queue C
|
C, C, C 2
Task queue
(e ¢
‘ Faulty task queue
¥ Time v Time Y Time
(2) (b) ©

Fig.6 Task queues and scheduling for sample execution

K6 (155 BAF K BT i R 7 5]

6 11,Py 568 Co Jo AT S TR REAR LR 3 Fla] RE 1K L.
1) Py HEEFRYS PSS, W BRI PAETEAT 55, B 6(b) i, H A AT 45 BA S LA — AT
4 C' ) Py 5EHAT C'IFHEAT 45 TR LLBRUAH Y b B AR S8 0T HH 48 AT 25 (R A 2 B R DRI R 4 2R
2) AR B SSBAB Ok 2T A HAT 55 BAZU AN D 2 ] 6(a) s B4 Py H65 AT Co;
3) W 6(c) BT 7, AN HAT: 55 BA 51 R HE 48 AT 45 BA SR 2 2% . Po W) 471 55 A FGAth PE X [RAT: 55 A 471 97 B — AMT 5%
AT Py 71EAT: 55 55 AT 41 W7 2 45 97 AT 55 A A0 30 b 2 o SR, U 8 ) R 0 47 o
a) A RS BB A 2 WRR 3 45
b)  FEA AT S5 BA S B G AT 55, Py W SR H A8 AT 55 PUAT I LA 4 Rt SR &5 TR L A4 TH AN AH [,
W Py 4 T IAT — AT 55 I B AR AE A FHIE R & A AT 45 X AROZ A T 3 o — A AR T
45 TR A HLAE AR AT 25 BA B R BT
232 RWBUT4Hsh s R4
Bl 0F FT-TPP H 041 R &2, Bl T4 HE A R B (K 2 A Rl 4 SR mss  an T8 7 JIiom: e AT 4 AN A B2 3 IR 21 /N1
FE AN AR AR5 BRSO T Pi~Py RIBTAE ¢ B ZI S5 RS R Py AEIEAT o) IR AR s, W) 43 4 Py AT
55 Bt H A b B B K R AT ARG S T() BT R, PPy FE 45 R A BT 5 3B ay~as AT AR a) 7E Py
Log T PAT, X RE B AR S IR TR ¢ N 7(a) AT IR O A T O S A X —
#LFT-TPP fEAS RIS I X B o) B 2 B, 00 B 70 46 a0 23108 ay~ay 0, IS LR PPy bOXFEFRIT
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SEIN TR ZE Dy 1" T 0 AE Py~Py L ARAFEIF I S0 53 A0 AN I A FR B e DRI I 12 T 20 31, 1 2 B/
/N IS 23 41 R (KR T4 AT RE L 7 28 i (K RESR T34 K TR M3 75 LA 28 2 15 BEAT HOBT 20

t I t t"

P a ar Az asas P a1 , Gz a3 daids
b By by bybs g4 P by by bybibs 4 ans
P . 2 e 2 L | " M I
Ps ¢ C2  C3 C4 s P3, €1 L 2 escactoapy
L 1 1 1 } ad

a a
Py di | & |d3 |d4| SI ’ 1 Py i L d ld3 ld4l SI a1z

dsds as ds  dis

(a) 1%4: 7730 #2 Redo (b) &% G Redo

Fig.7 An example of the chunk scheduling in the presence of a fault

K7 HRS I i

BEXSFEATIRIR, W L B AR 55 5 ay RN RS AL IR B TCAN BN psn, AT LT A NEFH R > a1,C 2
X735 i R
(Ri/P _pcmsh—|7 R =0
R, R <B@orp—p,..=1

i

R,=R.R, 3)

i+1

=R -C,C :{

3 AL

FATIH PThread Al MPICH SEIL YT FT-TPP W4T I B, A FG R BE A4S . AR AU S BA S 345 th T
W BT B3 B A A A 55 8 SO AT R B 45 10 S
31 EHEEXSERNIT

FT-TPP X 748 i) S F7 00 78 17 04 SR 1 A2 325 BH 190, JRATT S B0 T — AN U 2095 1 AR A0 2 30 7 2 LI B
A AT (B 2101 ) FAL h SCRF AR IR AT 55 52 SCTT T LA HERR [ 3l 12 (C=AxB) by 491 Ui B e A I AT
25, W1 8(a) T s : oA ST IR I AT AT 45 PR LARZRFE 2 R Executel () Execute2(-)AT IR, 45 R
BN ey Bl ¢y, IX AN 11 X AE Execute(-) 43 TE, 76 Commit(-) "R 575 40, $2 m 2R, |ATH W A- b H R &
PIX L 22 0l X, Compare(-) L1 ¢ Fl cn T HIEHE, Commit(H) T 5UK ) MBS S #2185 58 ¢ .

class Task: public TaskBase {...
double*a, *b, *c¢; //Point to the data of the matrices.

double*cy, *cy; //Point to the buffers for the double executions.
int startrow, size; //Portions of the matrices computed in this task.

void Spawn (TaskQueue *tq); while (true) {
Task*Executel(-) { Execute (c1); } Task*t=LS.Schedule(-);
Task* Execute2(-) { Execute (c); } if (thread_id%2==0) t—>Executel(-);
void Execute(double*c); else t—>Execute2(:); ...
bool Compare(-); if (t—>tag==2){ //The double executions are finished.
void Commit(-); if (true==t—Compare(-)) //No fault occurs.
t—>Commit(-);
TaskInfo* Checkpoint(-), else
Task* Recover(TaskInfo*tinf); LS.FaultyTQ _push(t); //Push ¢ to a faulty task queue.
b bood
(a) 155 E X (b) LAFZFESIL

Fig.8 Pseudocode for task definition and worker thread implementation
K8  SCRFASTHIES 2 . AT R PRI 71
PL_I 2 Buffer-Commit 155045 784 11 fj B s 2.
N SCHFIR A 3 O, 8(a) 28 %E LT IS BRI Checkpoint 1 Recover A5 T 20K 75 mi (R AR A7 1L 72
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o AT 25 BB R B BEANMT %5 Checkpoint ARFFAT 55 M K45 B3 TaskInfo Z5H4% G748 &, bR o3 1 JiE %
(LS)¥41X & TaskInfo % G FT 40— M8 2 it B 4G 2 i 50 1 A5 4 A0 o0 A ST 5747 050 18] AT 45 32 A #8 1h i 2.
&35 5. Recover £ 544 TaskInfo X G i j A% Hh A 55 %5 G 9 AT 55 BA B S5 4 BAT

Kl 8(b) 2 L&A R R, TAE iR G I LS.Schedule(-) 52— AME4% 98 Jm W FIAH B (44,
TR E Executel (-)BY, Execute2(:), AT 5E 8 JG K EAT 5510 tag Fiic, P W 9 IR AAT A2 15 58 B 0 S8 58 3, U b s &85
SRETEAT 5 SR R0 A R, A B 5 T 4 22 SR B — N T HRAT A 55, 45 R 1 A A5 B 28 AT ) o — AN AR R
oK 56 K.
32 AEHRIU

FT-TPP ¥ % 2560 454> J5 1 4 45 GS RS # A& 4% LS,GS Al LS sEHLA PG Hi A i 1 9 Fin.GS R4
{E45 IATBERAT R LG R 43, 5% B 5 TAE T SR 407 5% A% 5 3k N T B R A5k A LS 9 8. 2482 3
TAEGTHUE KIS, GS AR 875 5 I 55 v 0% BRAT 45 5 K (071 s A g E AR 9T A, G, N 25 18 2 75 (43 34T
AT 25 57 I, B AT IB I I T, PV H BR 0S BT 55 KT T, I8F,GS R 3%E VICTIM 3 5. A5 15 3K 715 23 ID)45
EFE W H bR 8 B AT 5 3 B AR 1, R HEAT AT 45 5 B 59 4, R T B AT & vk B Y 0, ) ik
TERMINATION ¥ QAT VI S 26 1E 1 4

LS:

if (4>Ty) {Update(y); 4=0;}
if (7=0) {

SendMsg(STEAL_REQ);

Suspend the current thread w;, ...}
if (FQ!=NULL) Pop a task t from FQ..
else if (O;!=NULL) Pop a task t from Q;.
else t=Random_steal(-); //steal a task t.
if (#/=NULL) return z; ...

while (true) {

GS: ReceiveMsg(msg);
InitPartition(-); switch(msg) {
InitTaskCount(-); VICTIM:
while (true) { if (> Ty) {
ReceiveMsg(msg); SendMsg(TASK);
switch(msg) { ReceiveMsg(TASK_RECEIVED); ...}
STEAL_REQ: TASK:
if (all the task counters are zero) Update(y);
SendMsg(TERMINATION); ... SendMsg (TASK_RECEIVED);
else { Resume a worker thread,...
Select a victim P,, c,=max {ci,cz,...,Cp} - TERMINATION:
if (¢,>Tws) Exit worker threads wy,wy,...,w,.
SendMsg(VICTIM); ...} Break;
UPDATE _TC: CHECKPOINT:
Update task counter and SendMsg(TC_UPDATED), Save the checkpoint received.
. .
¥ }

Fig.9 Pseudocode for the schedulers (GS and LS)
BO i 2 ds S BLIK) D AQRD 438 (GS AT LS)

LS 4E3 15 55 N AT 25 BA B, 451X S8 AT 25 BA B 2 [R) 14 67 8, 9 o 1R B AT 451 Bdh GS. i 9 iR, A4
TAEL LA W I R4 EJ5 ) LS hfg, BN LS.Schedule(-), B4 F 52— ML TNEMEA TS GS il Bl
5.FO; F O, 43 5l J& B AT 25 BAH FOAT- 25 BA B S 76 W 28 b5 7 v, 10 B M AT 45 i B0k o, BATI8 i 7R B Al 3%
B 55 B AR A I E T R AR 103 S 55 VRO TR A0 28, )/ A 55 AR ST I 1, 5 RIS URE 1, A7 AR RGN 5 oA IR
Ly R AR ) B R B4R S22 AKX T B TR 45 M A0 s 1T 45 R B/ R 645 GS, B B BIME T, K/ i)
10 GS AIEAT S5 VMU B B AR 2 /4% T 0 1,77 5 B I0ME 4 BAAI#R ok 2%, LS K% STEAL_REQ i 2%
GS, 28 )i S5 A B S0 S R R 9 JE TT B RE AN H B 15 i 65 SR AT 45 B Pl e TH T B TR B
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T U7 LS Wi B AL SRR IR, LS #:3) VICTIM 1 B )5 T AW A HhAF 55 BA B G WA 2 AT 5545 A W BA 1 J2
B — AT 45T A0 3% 45 1 SR 4T 25728 T8, WS I 6 1 T i sk 49 L, RO B A1 sl & 1) GS K% TAE S
A SR T SHb B 3270 a5 AR 45 B 22 1Y L DR, GS S TR BRI IR 1 BT AT 45 4 R R4 B AN S R IR A
IRV B b A B (AT 55 an SRAEA Y s 8 S PE R AAT S5 16 AN B AT 31— B4l 58, 0 ST 7% 21 3L A
AT B H AT FT-TPP (5B, A 4 A B2 AN I+ 5 2%, AT TAS i B AT 5 42 10 s TR

4 KBS

41 THRTFEESNKERF
IR FT-TPP (¥ 254 68 RO R P2 8 (0 52 0, ATV T FT-TPP £ 0SB 738 1 [ 0 A sk 2 )37 i e
% 7 FT-TPP SZHEHI 3 FT 45 AT Fib,Ng A Ms J& T3 I 20947, MM &8 T /K3 30 FAT,St A 5 /52l 3
Bt 2 P AT R — Bl X B FRATTHS Strassen SR8 T JLIG R HIAT 55 DAG SEIL A AS B 4745 5K
SEHGAE A 16 7T S0 2 AR R UHAT ST SAARL B 4 :2.4GHz Intel Xeon E5620 Ab B2 (35 8 Mlif
£ 18),12G WHE,Linux W% 3.4.

Table 1 Benchmark applications
F1 WA

g4 Elipa
Fib (n) Jof VA b VA A S A 2R n T
Nq (1) KA n 5L )
MM (n)  ArUER FEIRIE ) FEAT SE I, X6 fe 70 2 A6 R IR47 4K (nxn double matrix)
Ms (n) X E R n (AR RS AT HAT VA HE 7
St (n) Strassen i3 51 3¢ (nxn double matrix)™”

4.2 FEMESIF
Sy Ky FT-TPP 25 I I 5 4540 900 5 0K &2 77 T 79 28 8 B A TP Pim T L BSIZE R 49132 47 14 B A N SEUCHR.

7 B R BT NS HOREPAT N AT 40 4 20(1) K0 203 % 48 158 AT AR M 5 (detected);(2) & ZEBE
IR R T (seg fault);(3) A2 P32 17 1 I (timeout), 2R R B2 5 152 56 W (¥ £ A2 1 0T 4T 45 40 45 I IR 4 A fig IR
HL T BEREN T AN JEIEFR;(4) FLFF 1 35 45 o 5t 1E A 45 S (benign). SN JIR R FE &- 24T 1 000 W, 158 11 7
JFABAT I 1), A THE A 236 SR VBTN S50 S G it A 4 R R FRAT o 26 1 s, 5 S8 4 1 10 BT,
100% -

80% -

¥ Benign

é 6% % # Timeout
" 0% _/ % % %_ B Seg Fault
20% ‘% % % % * Detected

0% : . . . .
Fib@45) Nq(16) Ms(160M) MM(6k) St(6k)  Avg.

Fig.10 Fault detection distribution of FT-TPP with transient faults
10 FT-TPP [ I 45 DA il 55 P S A5 D0 70 A1
SRR A 62% HEH DRI 1AL, 28 % B R 5 DS BUT 1% I8 6.8% B IN i 132 73 41, AR 38%I1)
BE R AR AT B, H B T FT-TPP I3 55 15 8% FUK 2 E DA U 55 1 ML, T A A 7 B 4 B L D 5 e 7 vk 5
55 X — ROKRFE FT-TPP SEFn R4 T 100%[K 45 32 7 o % HAEBLI& 1 FT-TPP (145 87 o AN H] BEZ 100%,
BEL A R P BEAE T 3R P b 5 AR 3R ARATG ) I 00T i L R 5 AR (1) P ORI I 3 S A AR ) 5% T AT ik
T oh (WA TR 7 5 (2) R R AR TR I AT 45 BA BB O 2% FLH AT 25 BA A1) R AT 45 35 5 — IR B3R AAT IR AS 13
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P OLE 3.3.1 7).
A E FT-TPP 767K AR 15 4% 247 T I BCR, A /e R i AT ) AR bl i kil AH DG v B R SR04 ai i
B, RATHEAT TP IR SEEG 58 1 RSB RN P IS AT I R P B L L — AT o BRI SRR 2 2 WRBE N R
PN 5 L RS HERR . S 5 b A WY 40 BIBRAT 100 PRI HHEF AT IR, 45 SR A 11 B o T B,
B PRAT I T] AT 5 75 00 0 AT BT T Ay o M U — A, 445 SRS DL R A e A 250 R e AT I D1 249 B T i
B AR 3G I T 2.76%, AT RSB AR L T R P AT I R34 38 00 T 5.6%. S (1 2Kk FT-TPP fig AR Pk & R 45 5
AT S5 IE R SE BT VAT 45 X VATh T FT-TPP BRI A T 254G 2 s LA RN 2 24T 45 U4 13, e b 45 0% |
I 58 R BT 55 MRS 7 i WG A v U R 2 40 I 45 4% b B B T IR AT AT
1.2

B Fault-Free ™ [ Node Crash ™ 2 Nodes Crashes

—_
—_

—

Normalized execution time
o o
o] o

4
<

o
o

Fib(30) Nq(I18) Ms@G) MM(12k) St(12k)  Avg.

Fig.11 Performance of FT-TPP with permanent faults
B 11 FT-TPP /K A G755 ok & v B

4.3 FHEOMH

VP4l FT-TPP [ 248 TF 48, BA 1R HL 5230 b 55 2085 AH 5 100350 3 30 25 1 2 Tl — A 853 1) A 32 7 204 IR AT
S FEATFE BE TR Y 7740 ) NoFT-TPP, L% FT-TPP 5 NoFT-TPP i 7] %f FT-TPP &4t TR A — AN w4k T fi.
NoFT-TPP 5EFr b5 SCHR[39] LA & — A2 AL TAE G T 45 14 BEAE LS FRATKe % 1 R i B H &5 F FT-TPP
1 NoFT-TPP 433l SEHL, 5 45 N AR FE 7745 AT 40 YR I TF ST 3 $AT I 18], 3E AT L R P AN 5 I NAT A 4R, 45 SR
Kl 12 iR,

1.8
ENoFT-TPP  EWFT-TPP

Normalized execution time

Fib(52) Nq0) Ms(@dG) MM(12k) MM(6k) St(12k) St(6k)  Avg.
Fig.12 Performance comparison of FT-TPP with NoFT-TPP
Kl 12 FT-TPP 5 NoFT-TPP Mg L

AT BT L NoFT-TPP 24 b ¥ U4 —4k, 55 NoFT-TPP AH Lt FT-TPP AT W IF) - 345 890 T 39%. ol & 18, F T-
TPP AR B TF RS K20 K 39%. X L6 TR - 25k [ T Buffer-Commit. K 7% SUH G4 . TURHATE LA 7M.
Buffer-Commit FHAG A 5 B FF4 15 A5 55 i th I 20 1A 56, 60 T Fib(n)F Nq(n), B/ 25 0 i 2D 1 45040,
X MM(n),Ms(n) Rl St(n) 1T 5, 8T 55 25 7 A2 K s 50, R AE 18] 12 w1, Fib(52) F Nq(20) 1) FT-TPP 2545 JT44
& T Ms(4G),MM(12k)Fl St(12k).FT-TPP % & MT- 55 ZEHAT 2 2,11 NoFT-TPP X &AM 25 HUAT 1 I, N gt 2
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W _E FT-TPP [ 458 TT 45 5 i T 100%, {75 K 12w FT-TPP [ 55 K A48 TF85 10 57%, I MM(12k).3X B I 3)
* FT-TPP ST 5% 2 (W) 47 PE 14 78 43 & 38, 70 4 BT A TC 3508 78 2 IR 00 1, T AR AT 55 10 ke 32 fly b ) 32 28 46 A Kb 2
B0 b IR AT AT, AR BE RO AT 45 IR AT R0 250 B 3 2 1 SR W A A AT B TR DR A AL B Ah LR 12
MM(12k)-5 MM(6k),St(12k) 55 St(6k) (10T I 1) AT 201 S8 52 ¥ i 2> 8 12 35 B AIG FT-TPP [ 2548 49, St(6k) ) 2%
HITE A 21%,1X 5 St(12K)(48%)AH EL AR 1B I — 23X 2 DA Ay FRAT T2 52 36 wh 00 6% 380 50 A/ 1R B0t 3, 7
MM@)F! St(n) BHAT I 2 o, 77 1 A B 500 15 AS BT 55, K 1) Ak 125 RR S FT-TPP. HI L ARAT 55 AT A
LT YA A A AR IX T E LR 5T NoFT-TPP.
Sik—25 434 FT-TPP Wk B 45 S 000 1 28 B8 JF 49, 01, A SC Buffer-Commit vF 845 8 15 245 T4 G I Ji2 51
W& (R0, FeAT T FT-TPP F1 NoFT-TPP 1 4, 4y 3L AF it 455 2, R, 25 B L b 4 1D JE AR 3 A DGR 43 53 40 % FT-
TPP R A7 s 4R AE SRS 75 S5 501 & (10— 50700 L I8 AT &R 7, LU B 744 )5 1Y) FT-TPP 5 NoFT-
TPP, 43 5llic & FT-TPP-S 5 NoFT-TPP-S(S K/t A2 ). 25 R Wil 13 Fis Pk E FT-TPP LL 27.4% (1)
PERE TR SR AL T 1% A R R I B
1.6
1.4
1.2
-
0.8 1
0.6 1
0.4

0.2 1
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