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Abstract: The scale-up of system brings improvement in performance as well as reliability degradation, so there
is a need to apply some fault tolerance mechanism to tolerate hardware failure or recover data. Currently, the
popular fault tolerance mechanisms, such as Checkpoint/Restart and N-modular redundancy, all need additional
overhead, which limits the scalability of parallel computing to some extent. Therefore, it is very important to
develop scalable fault tolerance mechanisms for increasingly high performance supercomputing. This paper takes
triple modular redundancy (TMR) as an example, describes the implementation of TMR on large-scale MPI parallel
computing, and argues that traditional TMR fault-tolerant mechanism limits the scalability of parallel computing. To
solve these practical problems, the paper proposes the scalable triple modular redundancy (STMR), and verifies the
validity and scalability of it. STMR can not only handle the fail-stop failures that are traditionally handled by
Checkpoint/Restart, but can also deal with most of data errors not perceived directly by the hardware. Finally, the
study conducts the simulation using the system parameters of BlueGene/L, which shows the scalability change of
parallel computing with the TMR and the STMR respectively when the system size increases. The results further
validate STMR position as scalable fault-tolerant mechanism.
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Fig.6 Running of large-scale parallel computing system
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T4 5 AEWIERAL MPL IR3G 2 )5 8 1B = 48V E I A5 18— 20 = i T TL R MERR AR AR 20 TC AL AR 1 &6 0 L, A
AR N HEFR I 45 SR N IERR TR S, S 1D 5 — 3,12 Pi(imod3=0) 4 JGHEFE Py A Piup A H AN TR,
K7 45 T U0 ARBERE AR G 2 175 48 AR5, 3 oh rank 29 MP1_COMM_WORLD 5 i) 2 £ 5 srank 2k il 43 J& 135
scomm H1 [ gEFES .

XBARAL AL MP1_Comm_split ¥ FI 44 JR A7 1938 15 58k MP1_COMM_WORLD 73 %4 3 ANl {54k, B 5 1) 3
ANBIA A I AR X 3 ANAF 8Lz AT, e Nl A5 S P ASRERE, HERE S 800 Tl O 0,1 R 2, I 36 17638 138
fe el b AN VERE AR i 90 5, 46 MPI_COMM_WORLD " #EF2 5 2% 3h,3h+1 fil 3h+2(h=0,...,P—1) {13 FELE Hr
R LA Sl 2548 S OB R BERE 5

II\)I-PI_Init(O,O);
MPI_Comm_rank(MPI_COMM_WORLD,&rank);
color=rank%3;

MPI_Comm_split(tMPI_COMM_WORLD,color,rank,&scomm);
MPI_Comm_rank(scomm,&srank);

Fig.7 Example code of creating redundant process cluster
Kl 7 TUREFEAL ) 2] £ ChY

Table 1 Communicator’s group partition
1 AfFERR
MWAFIK 0 WAFER 1 iAF R 2

color=0 color=1 color=2
rank=3h, srank=h  rank=3h+1, srank=h  rank=3h+2, srank=h

Kt EEBGE L Py, Py FIPiyp 2 T) 3 U IR Bt SE B, DR 1 e B A 3 A 8 0,1 R 2 22 i) o 308 £ 3, B AR
4 8 .

if (color==0)

{MPI_Intercomm_create(scomm,0,MPI_COMM_WORLD,1,01,&FirstComm);
MPI_Intercomm_create(scomm,0,MP1_COMM_WORLD,2,02,&SecondComm);}

else if (color==1)

{MPI_Intercomm_create(scomm,0,MPI_COMM_WORLD,0,01,&FirstComm);
MPI_Intercomm_create(scomm,0,MP1_COMM_WORLD,2,12,&SecondComm);}

else if (color==2)

{MPI_Intercomm_create(scomm,0,MPI_COMM_WORLD,0,02,&FirstComm);
MPI_Intercomm_create(scomm,0,MP1_COMM_WORLD,1,12,&SecondComm);}

Fig.8 Example code of creating inter-communicator in RPC
K8 JUARBERAR P A5 B i os 5 AXA

3.2 HiE L HIMPISZH

s STMR 7€ 3, STMR T2 J37Ia A7 IR 8l #3847 45 AU (K 2o P A0 35 Py s 20 A0 v 06, AN 3% 1 ke
Pivt F Piup 73 K0 A5 B4R B I A 45 R L BITCHERR Py 1885 JC bR PG a3 (1 500 5 A b 1 250 4 3
A7 OB R 3 2 s A DA P AR ], DU WD A s e B 4 R A, TR AT MPILRR (3845 1 U sl
BREFISAT 4 0G5 W), R R R AT 5, 2 B R O BB IS AT TUAR BERE % 9 A B LEACHOR S an 18] 9 s,

IR A AR VR T HERE Piay M Py T ZE 1) JUHERE Py 1678 x 7R JCHERR Py b Sy, 2,70 i SR -
WERR RIS K 1AL & x, s ARG 40 18] 10 s,
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i 10 et Py IR R AR R 0, 2 LA AR 5 Xy, z A T T AN B8 AN AR S I R 5T ) AE AT
ANAR A AR I OLR  BE A E R A 10 A AR R

Pi Pi+1 Pi+2
O ridtk
| T
—— L] =tk
LT sope e O PRAIES
@{57 W wem e
3R AT 4R

5 1)
Fig.9 Data comparison in redundant process cluster

B9 JUARHERR % N U LB
Pi Pist

int x[10], y[10], 2[10]; ing[10];
MPI_Send(x,10,MPI_INT,i/3,1,FirstComm);
MPI_Recv(y,10,MPI_INT,i/3,1,FirstComm);
MPI_Recv(z,10,MPI_INT,i/3,2,SecondComm);

if (x!=y){If (x!=2){If (y!=2){RESTRAT;}

else {ERROR=0;}} Pir2
else {ERROR=1;}} int x[10];
else if (x!=2){
ERROR=2;} MPI_Send(x,10,MPI_INT,i/3,2,FirstComm);

Fig.10 Example code of data comparison
10 il LR IS
3.3 #RICAEI
FRYEAR I AR 5 AT 5N, FR A0 AR BRAT — AN BE RS H RS (R I 00 tH A R R DA 5% 1 R, DU i 4k 5 A A
TR BIsAT # AT ERE N n bR P 5 AR BV IE R Piyy #5789 Ju ERE AR B2 PUAT . o S 8 L — 2 R4l
bool metaProcess[P/3], F RAR AR AN TLARFEFR IR P ) JCHEFE /2 75 H 5 (TRUE R H 5 FALSE R AR ), 7R
AT 11 o,

Pi+1
P; |nt MARK=0;
int MARK=0; I.\./I.PI_Recv(ERROR ..... i/3,1,FirstComm);
if (ERROR==1){MARK=1;}
switch(ERROR){ g:zg |{f (E}RROR==O){BE META PROCESS;}
0. MPI_Send(ERROR,...,i/3,1,FirstComm);
MARK=1; Pir2
metaProcess[i/3]=TRUE;
1. MPI_Send(ERROR,...,i/3,1,FirstComm); int MARK=0;

2. MP1_Send(ERROR,...,i/3,2,SecondComm);} . .
MPI_Recv(ERROR,...,i/3,2,FirstComm);
if (ERROR==2){MARK=1;}

Fig.11 Marking failed process
K11l R beid db Bt
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F7 A Py B Py sk s A AE, G HERE Py B BRIC (MARK=1), W) tH Py 5 Py EAT IS A R AR 1) Py 21 Py 45056 200
A5 DR, JEA B8 O P AR P A D AR 4k 1 850 A5 8 O (¥ sl TR, 7 49 A KRt P 12 s

P; Pis1
COMPARE; COMPARE;
if (metaProcess[i/3]==FALSE){ if (metaProcess[i/3]==TRUE){
if (metaProcess[j/3]==FALSE) if (metaProcess[j/3]==FALSE)
MPI_Send(x,10,MPI_INT,j/3,1,scomm); MPI_Send(x,10,MPI_INTj/3,1,FirstComm);
else else
MPI_Send(x,10,MPI_INTj/3,1,FirstComm);} MPI_Send(x,10,MPI_INT,j/3,1,scomm);}
Pj Pj+1
COMPARE; COMPARE;
if (metaProcess[j/3]==FALSE){ if (metaProcess[j/3]==TRUE){
if (metaProcess[i/3]==FALSE) if (metaProcess[i/3]==FALSE)
MPI_Recv(x,10,MPI_INT,i/3,1,scomm); MPI_Recv(x,10,MPI_INT,i/3,1,FirstComm);
else else
MPI_Recv(x,10,MPI_INT,i/3,1,FirstComm);} MPI_Recv(x,10,MPI_INT,i/3,1,scomm);}

Fig.12 Example code that the shadow process sends data instead of meta process
K12 5 bR Jo it R R IR e 7 A S
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o
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4.1 LWHKIAZE

ZEK B AR UE STMR AN HLHI G ol 4 e 1, PR G 75 22 | BT RGEFBEA WY KI5 5L F,STMR 11 R Jn
LK AR A FA S AR, B AT O A I KB I EAT VAN L R GE B A DU e STMR AL (0w 37 1 A
PO A SORE AT RR T AT R R R 48 I 465 40 41 25 1 IR RFAE 4 5 o0 B 80T R 5 A 18 Matlab T2 B 6 ik 6 oy 203k AT
RERL, LE 1 4 B T B 95 KI5 TMR B4E ML S STMR A EEHLEI R D0 Eb (A48 40 17 B0, 1 T 56 1
STMR 4 ML I AT 1.

HARQ),ZH T KW T E R T AR th 2 20(2), TMR F1 STMR [ JT4#Y T A 5200 R hnikth s°
[ DB R 2, AT 0 T BB LA 0 e 3 e BRL U S BG  E BE T ORI T & 38 (BB R BUE 50, USRS )
PRI HAT IR AR R P S H0 M A A R B (0 R 4 BB AT I AE 58 TMR AT STMR 245 LI A P 3™ k.

MR 1.1 W R R F Y R . JY RAAT YR 3 KA T AR R, R AT
P BLII JE AN T R A DR, SE 80 AN 3 S ASE R R e R 55 o] R R IS AT I B AR LR A e 1 L B T
BB R K A R (T TR FE) R NP (35 T R AR I 14 R KO AR 1L

W Tr BIEREBHL, TMR R STMR A P A [\, 75 43 LA i 8 TMR HLETH, th A 2 (4) . A(6), T F 2
S dB0L T R B SR A 4 R I S B R BOCR LA VP I % B i R SO R B
RGP, AT TSR F) Te VB BUR R ECH P FIVP 76 STMR HLiI Tg 1252 B Dyie 1540, 1] Daige 52 B F7
S B A SR AR LR T R BB % 2 1 (3), AR 4 T (BB BB N R . VP AP

MR R AR 5, e h HLAR IR S8 7 v T

o Y MPIFEF P RERLF I, % 2L 4 TMR Al STMR (1) R i LUt 45 530 P 784k DL T BUH 2 58

OB A A E], th A 3K (1), WFT S=e(P), BV MPI RS 7 4 b 7 e Fi 7. 400 15 Ba 2 00 SR 300 vk B0y A
BRI NP b 7 F) 4345 55 F) B0 bR B0 43 ) A 0 P
o Y MPIFEJF IS Y BTN, % ZE S TMR A1 STMR (¥ R Ik L A8 b B 45 5550 P IR AS 1 1 L.
PL TP B OB k1, 1 A (1), A O(1)<S<P, T 42 il #5 MP1 Rk 99 ol ™ JE P . 4 A5 4K
P (R BB R )l NP A PGS IR [ A G (B SRR U0 43 ) A P
Sy v SR I B 1 AR 1 9 25 [ Lawrence Livermore [ 55256 % BlueGene/L [H R % 54k Horp 4k i
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Fig.13 R speedup for TMR and STMR
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system-level C&R 3R Ji 11 i Ks A ot ik =2 ) py 2 (O« BRI 42 R A8 ) o 29 A7 2 A ORI A AR A7
i B 0] FE (ARl 2 bW I T A AL B8 3 N B 1) checkpoint B H T HA T B L RS0 5 THTHEH N
AN b PE IR AV checkpoint T AE 4 S 80E 4 T(10%) 2 i HHs B AE 0t 2% b, R 48 110 B PE RS, 55 4, HD
i AE oM (A LI XA O VR R TS R 5 A s I A 4. Message logging 55 C&R Y2 SilAE T, H Bk i, 1
7 B L 7 B (R B AT — A checkpoint, J Aty 5 i T i 040 3% ek 10 10 L ok 95 I8 0 A K A o 4 X
LSRR A FEAC A P 8 % RV B 0/ T O R R I A e R R SR AT R A AR
I FLI B R AT A0 2 KB P MR 70 92 B I T o A B T ™ A 3 63 B TR 4R K IX LS T message
logging 52 ATE i M BE VI A3 P4 1R Y .
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HSCHLL TMR g U 22450 43 Bl i T IR R HLHIE KB EAT RG L 1S, i L3 STMR 24l
FLH. 2 250 L T 25 1) 0 4 1) SRR, S TS O MRS AT T B 25, 3 HL e 4 25 TS 4 I 7E AR /D 1) 3 [
PLMTTAE SN STMR 2848 ML 9FAT R G 8k BAT AT 9 JE bk

IR AN, S AL 330 AT g R 11 MPIRAZE B I FAT R 8 b gl 32 A 060 MIP L 2 R 38 1) 2 2 — AME A5
SEVEIA ) R4 T 9B P BT BE 0 — AN TR S A% 4% 11 OpenMPIMBIZE &5 T BUBIITAT MPIRRUAS (19457 1
‘&4 C&R,message logging 25 A A H AR SR M T s 2 10 A1 & FAIE W 4% B 2R 48 405 s Wb o e 52 . 1 P B s
18 SR A UL CBAE B o] S5 v Rk, OpenMP1 32 2 30 4 C&R &5 4048 7 1 1) SE B

6 ZRET—HIHE
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JE A7 AE ) 1) R, 152 U H SRR STMIR 254 (19 S BB A T8 i 0 i e AR ¥ 43 Bl s STMR IR AR RE L I J5, 7 T
FIREAUIEAE T STMR ZEA8 AL A RO R a] 37 e .

STMR ZHEHLHIZE MPI 27 (2Rl o8 SRS RSB T 48 1% TAEX R 3E 8, il ik — A B 3k
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