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Active Replication Fault-tolerant Scheduling Algorithm in Real-time Heterogeneous Systems
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Abstract: When designing a fault-tolerant scheduling algorithm in a real-time heterogeneous systemj it is necessary to
consider the constraints of real-time and maximize the reliability of the system. Furthermore, parallel application
scheduling problems in heterogeneous systems have been shown to be NP-comf)‘lete. Most of the existing fault-tolerant
scheduling algorithms use replication technology to improve the reliability of the system, but the multiple execution of
tasks will lead to longer application execution time and reduced systeém real-time performance. Therefore, a fault-tolerant
scheduling algorithm based on active replication technology is proposed. The algorithm continuously replicates the tasks
that have the least impact on the real—Fimc performance of the current system in the task set and then schedules all tasks in
the task set to the earliest completed processor. While meeting the real-time constraints, the algorithm improves the
reliability of the system. Experiments show that the reliability of the proposed algorithm has been improved under strict
time constraints compared with that of the DB-FTSA algorithm which also focuses on real-time heterogeneous systems.
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XRS5 B SR HEAT RN, RO AT 55 45 R UR, X AT
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R B ) B AR (1) 2% 65 A 595 (fault-tolerant scheduling
algorithm with replication strategy of minimum impact on
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(1) ASCHR Y 7 — S48 i 521 SRS, 12 A 1) S
SRS BT 55 5 o SE R R B /N AE 55 T
XA S SR, AT T — A4 2 T AR S
ORI T 1) S 7 ) AR G0 0 A R OM B S FTSA-
RSML
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K2 M S 2 AT 1T RS, R 1
JE7R T — A 3x5 HI3RAE, Fon 2 - 2 P A A5
£ 3 MAFEAEELES ERPATIS IR Bildn, 4155 v, fEARER
% uy FRIPATES Ay 8 AN SRR I, 24 UK

W]2:8. % *

=4

‘ . :
K 1L RS A F AL & E AT I (8]

\_ ﬁ-i% U [Z5) us
- 121 7 8 5
V) 6 10 9
V3 5 7 10

V4 6 4 9

Vs 6 7 5

1.3 fEiRiRR
i A FH 2% 1 W o e 2 4 Y, A 3 R T T A
AT — B[] EF, H BT B AR Rk 2R IR AV R 43
AgU2SIR2020 02 AT 55 v, FEM 0 e A FE 2% 0wy, B AT
— W h R E T Rt ()
R(vi,up) = e~ ik (1)
Horh, 2 RN B )R 2. R T B HIER T &
gurp, REAZATRS PHF — R (B R BESS) )
AT B, ZAT BN PAT ), AU RGEHFHAT T

System Construction &4t 111

© TEREBIK R

http://www.c-s-a.org.cn


http://www.c-s-a.org.cn

it E RGN

http://www.c-s-a.org.cn

2023 4F #5324 1

p MES v; EIARR, AL v, FIAT D 2T 5
A= (2):

P
Ry = 1= [ =R, prow)) @)
B=1
Ho, v FoRES v MEIA, pro(v”) BoaRPATIHES
v BRI RC TR A AN FH ) A S S5 R Th B AT 55
PAT B F R, 57 an sl (3):

RG) = [RO) 3)
i=1

1.4 |9) ik
FTSA-RSMI F R fif e Sif 5304 R 4 HH B 27

I PR R 3 B AT FE VR T B A i R, )RR PR A 0 R

WIN—DEE n MESTSE DAG MH G=(V, E, C,
W), — AN m N IR U={uy, uysus, 1, wy, VLR SE
I 4 2R 5, DA S O BUE IR D, B AR B
i 28K A R R AL E IR 20 3R, A8 A
FOREWMTESS, S8 5 F BT AT 25 1 B 2 Ab BE 284047, I
Hi KRR G mT 5. oT LRI 7R 2 (4) 1Y
FMER, BAMER (5).

makespan < D 4)
RG) =] [Rw) (5)
i=1

2 AR SR (FTSA-RSMI)
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2) AT 55 IR Je S AT 45 Z IR AR O SR IEAT 55 BAT A .

3) while PAZIAAZ do
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TR e ) RS B o IREIESS T2, 7€ X Sipe FoRAT:
S IR L IR BORIL B o IRIAESS T4 FAT S5
B S TINAES v, BH0 1 IRE, BES % S ket
B, HARXKIRNS -8 = (v, H iy v S v, 11
R A A b e T EE SR, I BEAR S5 4R S, mh
RS 1S 28T 1 N FH AT IS 18] makespan(S;). iIXFE—3K,
SHESS v, W FR G824 A S RIS B 2 IMP(v))
A LLd = (10) T
IMP®v;) = makespan(S ;) — makespan(S) (10)

N T RAT B IR INT 55 52 6 AR G S P B
50, FTSA-RSMI AR Ae B Hi M AT {FE 5546 S h it RE
SIEEE P R 0 55 N BT 55 9,50 Viep(sy HEEER 7 2 10
= (11): "

o

IMP(Vrep(s)) = vElSin {IMP(v;)} (11)

FE S B () S50 F v, A3 0 —AME 55 = il ik
K, ARSI, AT S A HIRECR T 2 A,
RG] FEVER KR FE ARS8, O 7 ik it i #k b
HIBR, AT 55 B K E IR B N 2 IR R 3 JEAR T
BERAT L S={v), vy, V3, V4, vs} HFOXF SIS 5210 B /N 1)
R4 HIdFE.

K3 BHIAE X 2RSS P AR

v vy V3 vy Vs makespan  IMP
0 0 0 0 0 23 0
1 0 0 0 0 27 4
0 1 0 0 0 26 3
0 0 1 0 0 28 5
0 0 0 1 0 24 1
0 0 0 0 1 28 5

R 3 1 AT RSP RAT 55 R RN 0, 4T
BAE S={v, v, v, Vi vs}, B RTINS 18] makespan=23.
H2ATRRBAES v, Bl —E, BE S Si={v,,
V1", Vo, V3, v, v} AR R, SR R RE SR R R X A
1E554E, T LIS 3 B 3 AT B 8] makespan=27, 84
FHMES vy AT RGP 0 IMP(v,)=4. TR
3 (9) AIAIL X FARSE S={v,, vy, V3, Va4, Vs}, MIZHEE
BT 559 vy, AT 5500 I 52 G0 SN P R 52 0 e /),
IMP(v,)=1.

2.3 FTSA-RSMI #\{Tid#2
FTSA-RSMI AT 270 ABL R 4 22 58 1 25,

AT 55 () foe K SR EL o BEE R 0, HIIE SRR 554
2 00, Al ST 8 SR AT 55 e TR AT 55 4, R
GRS 5 300, BT 1 DA 2 0, HE
1255 () ST UCBAERIE B o IR, 85 A AR 55 10 3 K B2
PH o BB 2, ETHATER 1 BRI 2 0, 58 408, —
LY G5 S e AR L AT I TR 48O R, 84
N I SPNToe s it £ = sNUVAREE K i 1 N - AT
), AT SRS T 5 .
FTSA-RSMI [EINENE 2.

%032 2. FTSA-RSMI

e

HiN: DAG S H] *G:y'{ V, ExC, W}, #HLEAR D, A28 4E U={u,, uy,
Uz, % U, b

T = ANSEIL T AR R BE S R, N BT B 18] makespan, 34T
HEME R(G)

1) for o = 0; a<=2; o++ do

2) while makespan<=D BAT55H AT & 54155 I S &0 T
o do

3) S A SR S A 55 R AR 55

4) AR SRS R AT S5 4R, 43 2 makespan, R(G).

5) end while

6) end for

7) Mtk ik FE H makespan<=D H. R(G) T KINHELEH.

FTSA-RSMI FIf [ 52 % B2 ) o H AP SRR

15 TS SRS R [A) 52 % . FTSA-RSMI
2230 [T BEAAT 55 B T AT S AR e, 1X — B4 AE
FIIRF 1] 82 4% 5 A O(m). - SESEAT AR S 4, FTSA-
RSMI £ At AT 958 FHER HH 418 56 0 o AT 55, 3l
PasbFR 25 85, NZAESFIE BEAL BLGS , X — 2 BN ] 52 2%
FE R O(mxn).

B2 20 THE ) A 1B A S 44 B FTSA-RSMI
22308 7 BEAME 55 5, R W I 0 AT 55 1 2 sk ok, SRR
VA FEREANT S5 4R, 3 [T 56 BSOS , R 35 HH X i IR A 5 il
INIIAT S, IX— B I [ S 2% BN O(mxnxn).

553 . AR A 24 FE . FTSA-RSMI
SN S AT 5%, RN E LT, BAMES B R
P IR X — A I 18] 52 2% BE R O(mxnxnxn). A I
G T A4 B O(mxntmxn’).

2.4 S5

Bl 3 g T 7R RARR A 32 B, 43 5fdTH DB-FTSA
I FTSA-RSMI ¥ ¥ 2 /] DAG R 45 R, H
AEPREE uy, uy, uy W ZE 53501 79 0.008, 0.006, 0.007,
EREARF AL BE ERHATIRIZER 1 R gh h, A5
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Z I AE b TR B 2 g i B R TR SRR AT 45
IRIASEE, B A S 78 1 B A 4 T8 R OR SRR AT 5%, AR
S T [ 5 A TR Ron BT S5, (155 v, BT %
v FIEHIMESS. ¥ 3(a) R~ {8/ DB-FTSA WHEEKE 2
MM HZE TR RS, AERINEESER. K4
g5 T RENME S I TT AR I 2 AN ZE R 1, DA R
BRAE S5 AT L Th .

DB-FTSA 5 il 50 /& 4% FAF 55 AT e
T A Ok SR AT 5%, AE2 BT 5 v, R B
I — IR B R FEAT 55 4R, 19 2 1) B P T I (8] i
THEUEWIR, Kt DB-FTSA & H & TS v, &
ARG FEMETEITFEN 99.81%%95.31%%95.89%x
95.31%%95.89%=83.37%.

5 10 15 20 25 30 35
(a) DB-FTSA 1 /& 45 5, N FHHATIN )9 27, RGEmT 51 A 83.37%

" [ vzw ] [ " vsw]

5 10 15 20 25 30 35

(b) FTSA-RSMI Y EELE L, N FHAT I [R] A 32, RATATHEMER 92.07%

B3 A B A SRR AR AL AR Dy 32 MBI T, TR
K 2 11 DAG 3 A

FTSA-RSMI B‘JE%’J%%%%?&E%‘JE%%*N
SN 52 5 /DR 55 . H RS B S, AR5 v,
vy, vs B . SR RGE T SRR TS AR 96.56%
99.71%x95.89%x99.89%%x99.84%=92.07%.

3 SEEREE RIS

TEARTTH, FTSA-RSMI ¥ 2: A1 DB-FTSA LM
T VP Al Fo 1% 5. DB-FTSA fi# U (1) [l # fl FTSA-RSMI
FHIF, [RIRE 25 R Sy 5544 2R 40 HH B A 7 I M AR,
KT B SE S B AR & RGN, HEHRAH
IR FE G (R SE AN ], S AR e AN T
MRS R, SEEeHEAT 1 P07 J K. AR 2 0 FU 0
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KT TGFF SRBEHLA & DAG i 20815100 [ 5z
SO HHE 5 — 4N H TGFF BENLAE B DAG M, 7
— NS RN . B G & — ML T 2.8 GHz
Intel CPU 1 8 GB P A7 1 HLfiwi, [ FH 452 14 Al Ak 2 28 1)
PRV T Java 1 5 B,

R4 WEZSERUETRBIMAESSTT IR ZI RS RIN Z, DU R

GE 55 BIPAT B 26
i fE55  JFURmHE  Z5REE PATERIIE (%)
v 0 5 v 99.81
v 0 e —
DBFTSA - 4 12 18 95.31
L L e 20 95.89
\ . 18 24 95.31
# vs 20 27 95.89
V) 0 5 96.56
vy 5 14 99.71
v 12 18 —
croarsr 11 18 95.89
SA-RS vy 20 26 99.89
vy 24 28 -
Vs 23 28 99.84
vs” 26 32 —

3.1 KIGBHANIERR

Bt AL Al F 0 P A S 5 TGFF 2B i, A X A
BAEFE AT SE: (1) o, (RFSHEUR; (2) CCR,
55 2 IR SR 336 1O T340 o TR L P BIAT B 4 £ L A,
¥ 42 M {0.1, O.gS,‘.‘.l, SYHERL; (3) (BB N, BT S
(RIROBI KL R (4) 55 WO B2, BIAE55 105 4R 50 (5) W,
R~ 3 PuAT I ). FE S8 o, AT 55 1 B 2 A
10 3] 100 2 (Bl H. Ay 1 8 G HoAth PR 220 S8 25 Jits
FSCSZ M, BT AT B AL A 5P I D s R N B R g o H
HLE N 4.

R E NN 4 A4 E AR 7 R
G, N T ASTAAL B AR I R, A B AR I R G S B AL
H M X TE] [6x107, 14x107*] gt B, S2itops 2> ik
(RS AEA A AR 2% B R BAT I TR AS [, DA AR Kb 3 2%
A PE.

SIS TSR R AR A0 R (1) RG] SN,
— NI IAT I (2) PSS, B T A AESS
TE 7 10 T PR A 5 S AR, R DI o T S B T )
YRHURIE T B LA A5 3. FEAR SR, 2R
JE T AT B ] /N T4 A PR, 84 A A2 K FE R
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i H AR SN A

S P UCBCTE SE 36 s B B 11, PSS BEROK, HIF B 5
IR BE ARIE RS SER
3.2 BENLAERLRA

KA R 4 HEIR 45 5. Ry DB-FTSA Al
FTSA-RSMI #5818 &1 x5 % 15 3 BR A iy th 1 #4725 &2
1l 5 SR ORAIE ST, BT DA L 391 PR e B o
N T AR SLE (A B, 76 A AN SR U B T, AT
#ox5eAE A HEFT Sk — k. HEFT 5% LA H0E
HHTE 534 3 G0 Hp 1) S MEAT 55 R B 1) R b R AR 55
T L2855 SR A Sy s et e 8 32 3k (R 0 L B0, (HL 2
HEFT 55 ABA RSy, RUTE i B S0 i kb
WIFR DI, AT 226 H HEFT ¥ B AR5 —IR, 153
BN FH AT I 8] makespan, ¢ )5 183L D = makespanx
L5THEAS ).

Kl 4(a) JE 7R T 1E CCR=5, AT % 7 ¥ BT I} [
W= 1SLLR AT % 50k M 10 80 5) 100 % 14 T, 55
il DB-FTSA #l FISA-RSMI 1 i 3 F 5 15 51 1) 5%
GnlSE ik gh B, AT DLBH B A B TE R AT 45 S 4y AR
1k, FTSA-RSMI 1] & i v] FE £ #B 52 KT DB-FTSA ).
MRS HEST 100 B, FTSA-RSMI ) a] S P48 T
DB-FTSA 50%.

4(b) /R T1E CCR=1, L5 %= n N 50 K1
BT, AN I Ak #2810 s %, 4y Bil{E F DB-FTSA
F FTSA-RSMI 1 FE N J5 13 21 R G0 T SE e 45 1. bl
BRI AR b, AN SRR B R G n] SRR B
7, {H/2 FTSA-RSMI 4444 T DB-FTSA.

Kl 4(c) Eon THERUEHIBRD = 300, 4155 #2551

50, A SAT 551 4R AT I T AN T8 n 0 2514, 20 S04 |

F DB-FTSA Fil FTSA-RSMI i £ 5 H J5 A3 21 () R ¢
AT S 5 L. A 25 P AT I T AR A, 2R 45
SN 2 ROAS W™ e, PTG 15 B 1) R 48 mT S A
fh R R R

Bl 4(d) B T AT S 55T 50, AT 55 FIUT
B 25T 15, CCR M 0.1 343 5 (444 R, 2 e
Fl DB-FTSA Ml FTSA-RSMI i & & Fl 15 2| ) & 4t ]
FEPE. M CCR %5 T S B, Hi/NEEI RG] SE 1 % BE
L EHR KN 50%.
33 HEXNHA

FEIXAS g, AT H 3 AN E St AR A
S EE I TERE, 23 A2 S T JG (Gaussian elimina-
tion). P # H 145 (fast Fourier transform) 143

51715401 (molecular dynamics code). iX 285 F f 45
F S S AN, BT CARRAT R 7R E % B CCR AT 1°F
PJHAT I ] .

TERBTTE T, MS FR 8 S il oo o) v ) &
HOH R 1) RN, TRt T B o B9 o B R
R4 Ha, A RFaR N (12):

e MS?+MS -2
2

TE 1 BE D) % J5 T, DB-FTSA # FTSA-RSMI i
FE 87 FE 580 00 8 BE s % PSS9 1. 1 5 JBR T 1E
245 T 34T A =15, CCR=1, LKk D =
MS x (W +WxCCR) PG LT, ASWrHg i 5 H0k B RN,
45178 ] DB-FTSA H1 FTSA-RSMI 1 ¥ 1 0 7% 76 B
A B AT SR LG . N mT UE H, Bl 5 R U RS
MS AW N, FTSA-RSMI 7] SR SR 2 = T DB-
FTSA 1.

FE P B AR eSS b, FRAEH VS KRR IR
T L o R ) A ON T S A N A R
57 an= (13):

D=(2xlog,VS +1)x(W+wXxCCR) (13)

SEEG A5 R 3 BRI FE RN PSS ¥ 1.
Kl 6 B T AR ST I (B w=15, CCR=1 [P)1%
N, AW vs, 43 54% F DB-FESA 1 FTSA-RSMI
P A LA A B T SRR L. A 6
] LLE B2 VS K TF32 I, BT A SR A B T S
HRBE T ER Y VST 32 I, FTSA-RSMI #3511
AIEEMEAR AR 2 e i ).

9> T8 D1 ARG — AN AT 55 454, T
NS CCR AUE S5V 347 i a] .

PR BRI AS SR 0 P S B ) PSS B2 1. B 7
J&7R T 4y )48 Fl DB-FTSA 1 FTSA-RSMI 74T %%F
BIPATI AW = 15, AR 5550 n=40, #1E R D=500
FIHE LR, CCR M 0.1 B 5, B 7318 112440 1 &
GinlSEPESE R, 24 CCR=5 Itf, DB-FTSA 15 Elffynf 5 4%
N 84.57%, 1H /& FTSA-RSMI 75 31| [ v] 5 1 4 SR e 0%
k%5 98.21%.

XF T BE 3 A FLSE SR S A T F , DB-FTSA
I FTSA-RSMI # B8 A 2 52 T+ R Gi 1) 7] SE M, (H 2
3 1 A BR 2 FRBN A% ), FTSA-RSMI A B 2 1)
3.

(12)

System Construction ZZEE B 115

© TEREBIK R

http:/fwww.c-s-a.org.cn


http://www.c-s-a.org.cn

it H LR g N

20234F 324 11

http://www.c-s-a.org.cn

100
90

—~ 80 %

S Z ?

:2 11 .
=50 ’ ’ 7 ? M - ’

E 40 g B7 ? 7 7 87 B
7 m7 B7 W7 7 B7 Wy m7 w7 m7

10 7 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100
ODBFTSA | 92% 85.46% 78.71% 81.90% 62.49% 57.43% 54.34% 49.36% 60.51% 40.16%

@ FTSA-RSMI 194.00% 98.57% 98.90% 96.11% 97.65% 91.15% 94.48% 90.47% 90.35% 90.58%

100
90
80
70
60
50

HEME (%)

40
30

S u)

N,
’ '@ DB-FTSA
B FTSA-RSMI

N

HHE (%)

ES- )

oDB-FTSA

(a) {555

A
L

-

-

—

L
\

SN\

)
%
11

13 14

\ 10
\.' §o ’

73%
89.11%

?

100% 99.83% 99.79% 99.85% 89.54% 76.60% 72.12% 78.07%77.67% 62.66%

12
55.95%
70.77%

53.44%  51.03%
67.45%  65.45%

58.57%
73.86%

67.14%
80.45%

64.16%
79.21%

61.30%
75.00%
(b) Ax107

14

70.25%
85.76%

2

12

13

BFTSA-RSMI  199.92% 99.89% 99.85% 99.90% 92.51% U.77% 86.85% 84.14% 81.55% 64.70%

100

90 N

0
(=}

‘ v
70
60
50
40
30
20
10

%E%(‘;’o}

X )

M

(0) 65 LTI

2 o)

)
0.5

0

EDB-FTSA
EFTSA-RSMI

79.21%

1
71.85%
81.97%

5
40.17%
90.68%

-
&

0.1
73% 77.59%
80.49%

(d) CCR

K4 FEALRSEEST 50, AR5 T HPATI RISE T 15, KGN CCR, 2 LA 2 A Al e L
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i EN RSN

100
90
80
70
60
50
40
30
20

ARG EENE (%)

I

%

99.90%
99.97%

5
99.99%
99.99%

B2 DB-FTSA
B FTSA-RSMI

T

s

|

20
41.71% I \
2\
0,
60{5 o . -
-

14
71.33%
81.05%

11
80.31%
92.80%

MS

53.09%
66.82%

\\

3 76 %‘%T%\M)w- <

%

0
2 8
@ DB-FTSA 99.99% 99.99% 99.99% 99.62% 51.99%
H FTSA-RSMI 99.99% 99.99% 99.99% 99.68% 60.62%
MS
6 i e (L A P ) 28 G 4 Pkt L e \_\.
100 » @ ‘ «‘
‘ -
*
95
S
= 9% .
= |
= .
@Q 85 ‘\'..
NR
N3 ¥
\ M v 80
’ |
75
0.1 0.5 1
O DB-FTSA 99.99% 99.99% 99.99% 84.57%
B FTSA-RSMI 99.99% 99.99% 99.99% 98.21%
CCR
BT R S50 (R PR 1 2 4T 4 ekt b

4 b REHE

TEARSCH, — N7 1 28 1 52 1) S s 110 75 U R
7% FTSA-RSMI ##2 H!. FTSA-RSMI 4%t S 44 Sz it %
40 HH 1 BRI PR AR, R ST IR AT B REAE AR

1E SRR A 58 I HAS B — AU 1) RS SEPE. FTSA-
RSMI AN Wy 1 388 0 xof 2 45 52 i) 4 52 1 g /S AT 55 T B2
HIREL, AT 5 2R e ] SE . S5 45 SRAIE B FTSA-
RSMI 7 /™ 4% 1) 28k 1k BA BR 19 29 30 T 4K 98 B 9% ORIE Th
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DB-FTSA T = H &G0 v S M. 78 A SR 70 S 14 1
i) A, AT RS R AESTUA, HFHE R
G5 HE NI TR T 5.

—_
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