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Abstract: Fault-Tolerant scheduling, an effective means of improving a system’s performance, plays a significant
role in scheduling research. Despite the fact that fault-tolerant scheduling has been extensively proposed for
real-time tasks on clusters, QoS (quality of service) requirements for some tasks have not been considered. This
paper proposes a fault-tolerance scheduling algorithm FTQ (fault-tolerant QoS-based scheduling) for real-time tasks
with QoS needs on heterogeneous clusters. FTQ adopts the primary/backup model and takes the timing constraints
of tasks, QoS requirements of tasks, reliability of systems, and system resource utilization into account. FTQ can
adjust the QoS levels of real-time tasks and the execution schemes of backup copies to improve system flexibility,
reliability, schedulability, and resource utilization. The system reliability is quantitatively measured and combined
into FTQ, which improves the system performance. Meanwhile, FTQ strives to advance the start time of primary
copies and delay the start time of backup copies to make backup copies adopt passive execution scheme, or decrease
overlapping sections of primary and backup copies as much as possible to improve resource utilization. FTQ
adaptively adjusts the QoS levels of tasks and the execution schemes of backup copies to attain a higher flexibility.
The overlapping technology of backup copies is employed. The latest start time of backup copies and its constraints
are analyzed. Compared with NOFTQ and DYFARS, FTQ shows obvious superiority with a higher scheduling
quality proven by a considerable number of simulated experiments.

Key words: heterogeneous cluster; real-time; scheduling; fault tolerance; heuristic
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23 (B) R, b7 MY doe I JF 4y iof [H) It b 50K T35 T 1 110 5 FSIRT 5, B0 5K I e 8l A A, 705 U A i s B
/\%iEil-

TR 1 WRATS 4 MBI ¢ 1T BLSAT S 6 i@l eoAs © S, ot SR s B A AT B B4 18 1)
T W T U B i) — 5 K155 1 1R 58 B ) i, BSR4 s AT A X

TE AR B 62 1A S e A 6T ) 1] BA/N 1 6] R 58 BN ) i B 67 5 627 TR BAT, 24 R 4 v 1 o R e
Bt R0 SR R — M S HAT 1 Tt SR BB RAPAT R, 68 5 6] — AT i ¢ 0f
() RRAS 7 FTAE R 2T n(t”) KRB IB A, 8 L 2HRAT It AT, ¢ 5 68 AT T & 40, e R — A
R AN AS T (AT 25 [ — I ] B 9 AT DR L AR e AN 1S O

&5 3. BB TAEE tieT teT, W8 Li<eij(a(xi)®), lk=eq(a(x)®), B s(t®) = active,s(t?) = passive, H.
n(t’) = n(ty),n(t®) = n(t2), t® Je B o Fe 2 S n(t?) b, 60 JEHEC R A n]) BB 4 S5 T R I S U I
1y —A~ sl

FEF 4, 2 D DAL EIR AR AT, t7 A3 @A AT ° A0 62 A 3 8 A t° At S 20 T
T ny bt R EIT A ny EATSS b S S Bl LR t® [ BRAT IR () 7E 2 50 E T DLy R 3 43
2 RN D NS A ¢ S AT I N AN S AR TS AT (K I 62 di B T R 1 5
J72:45 25 (1 2) AR 7] AF 26 20050 2 T A 2 5

Istg = f, (14)

P
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Fig.4 An example of case 3 for backup copy overlapping scheduling
4 FIRRAS B i B 3 S 1K

TR 2. WIRATS t MR 2 7T LLS AT 6 sl iRAs t° B8, Bt R sl Bl AR AT B, 0 R 4
BRI AR A AT, TR 4t B H M T 4 B 8] — 5 K 145 1 6 0 58 j i 18D

U AR B 2 RO SseME TT AR B TR0 T DN £ R s et i) £, B0 t° 5 6 [R5 rp 5 — 10 ok B e
I, 68 RS S I R — AMESBAT T 0 R £l ARARPAT R, 2 5 67 — AT AR 6 xR
B 2 RRAS 1 BT AE RS R n(t]) R4t AT T 2 AT, 0 6 O I B, BLTE A — A
A B PASAS [] (AT 55 70 ) — I [) B P AT, DR AR AL A B T O

1B 4 BEH TR teT, teT, WHE Li<e;j(q(xi)®),l<ew(q(xk)®), B s(t®) = active,s(t?) = active, H.
n(t”) = n(ty),n(t?) = n(t?),t> e85 Be 201 A n@?) b, 62 SR BRI S n(td) L 5 A H T URRE A R
(A 5451
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B
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Fig.5 An example of case 4 for backup copy overlapping scheduling
5 mIRRA T B L O 4 S
FERI S, 62,47 At B LL BRI A BT, t© R 60 4 5 B 68 B b BB RC R0 R b, 88 R 30y
B B0 250y AT 45 6 RS T A B0 L RIRROAS € IO BRAT IR TR 32 4 b T LAY BT 40 621 R e G oot 2 Jimads;
R AR AS £ F AT I 1) 76 32 58 L AT DLy BB 3B a0 627 RPN i v 3 BTkt B T AR I I RO TR S A S
(L2)H [, {1 20036 S T 7 A 26 2%
Istg = f, (15)
Istkfj = f, (16)
23 (AB) R A R (16) 75, b7 19I5 e FF AR 1T TH) It a0 200K T 48 1 7 (19 58 1t T, EL 68 SR I Bl sl AT L, 15
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DU fit S LA 5 AL 2.

TR 3. WHRATS t MEI A @ 0T LLSATSS 4 RIS t° 8, B P R 3l @l R A AT A B4, 18 1
SR T G I T) — 2 KT 2451t (058 BN R) i, FLOR 551 67 10 58 B TR] i, BIERFH 4 s AT A K

TE W ARUE 1o o B, LT AR B L (R LR T 6 1) 55 B R 46 B ) — s K S 6 58 B ) i AR
t2 1) 5 I T 4 I 1A) AT LA/ T 60 1958 )RR TA] £ B 67 15 627 ) I AT 24 2R e b 4 s i B R o, 62 o2 5
B FUBEAT — TS5 AT 0 St X6 B 19 2 AR &7 AT 0 8 n(el) R4, 1 25T Tt R
FEPATER, Tt 58 TS, 2 W AT SR, IR R — AN 5 AN [ AT 25 4 ] — I )
B AT, DR AR e AN B O

6 45t T FTQ Hidi 3 ARAS 43 it (1 1A

FTQ VA E WA S T 1 H A3 A2 75 AT 55 1 3 WS 396 A2 A 1 E 30 PR AT 4 o JHOR 20 TE 80 R 8 1 T
325 B 5 i A1 A AT 45 2 RRA K QoS )R] i b i

1. for each task t;, schedule the primary copy t° do

2 find«—FALSE, qm<«0x; [*Initialization*/

3 while gm0, do

4 r<0; est«oo; [*Initialization*/
5. for each node nj in the cluster do

6 Calculate the earliest start time est;; of task t; on node n;; /*Scan time slots*/
7 if estjj+ejj(qm)<d; (Property 1) then

8 findTRUE; /*Find a feasible node*/
9 Calculate system reliability rj using Eq.(6);

10. if rj>r or rj==r && est;;<est then

11. r<rj; esteest;; /*Record the reliability and earliest start time*/
12. end if

13. end if

14. end for

15. if find==FALSE then

16. Degrade one QoS level of Om: Qm¢—Qm-1;

17. else

18. break;

19. end if

20.  end while

21.  if find==FALSE then

22. Reject the primary copy t/;

23.  else

24. Allocate t7 to node n; where the system reliability of t” on njis maximal;
25.  endif

26. end for

Fig.6 Pseudocode of primary copy allocation in FTQ algorithm

6 FTQ ik T A 73 il fh A

FTQ Sk RIRAS /3 L AR S W ] 7 BT,

FTQ 5vE R R A 43 e 1) H b S 75 AF 45 1 Rl RRCAS I A2 HA L S A T4 4 HOR B TR BT A9 R GE ] 52
I B gt i 1719 A, TR0 Bt R SR FH A s AT S, HR A A5 AT 25 B RRCAS 1) QoS 48 i) vl Bt .

W VB AN FTQ S50k S RS A1 AR 43 B 1) BF 1) 52 2% B340 24 O(kng). BRI, FTQ ik (W B i) 52 2 4
O(knq).

© HEBEERAET hipd/ www, jos. org. cn



RBEEL FRMERE R % T BA QoS F Ry L afE 5545 A 1449

1. for each task t; whose primary copy t” has been allocated, schedule backup copy t? do

2 find«—FALSE, qm<«0x; [*Initialization*/

3. while gn=q; do

4 r<-0; Ist«-0; scheme<«-active; [*Initialization*/

5. for each node nj except n(t”) in the cluster do

6 Calculate the latest start time Isti? of t? on node n; using Eq.(13) based on Theorem (1);
7 it Ist? +e;(an) <d, (Property 1) then

8 find«~TRUE; /*Find a feasible node*/

9 if Istif = f, then [*Passive scheme*/

10. scheme<—passive; /*Find a node where t® can execute in passive scheme*/
11. Calculate system reliability r; using Eq.(6);

12. if r>ror rj==r && |gtiJ5 >|Ist then

13. rerj, Ist« Istif ; /*Record the reliability and latest start time*/
14. end if

15. else [*Active scheme*/

16. if |stij?‘ >Ist then

17. Ist « |stij?‘ ; /*Record the latest start time*/

18. end if

19. end if

20. end if

21. end for

22. if find==FALSE then

23. Degrade one QoS level of qm: m¢—Qm-1;

24, else

25. break;

26. end if

27. end while

28. if find==FALSE then
29. Reject the primary copy t” and backup copy t®;

30. else

31. Allocate t° to node n; where the system reliability of t® on n; is maximal if passive scheme
or the latest start time is latest if active scheme;

32. endif

33.end for

Fig.7 Pseudocode of backup copy allocation in FTQ algorithm
K7 FTQ Skl F A 73 e th A4

4 LG

AR SCIE I K R AR SE G SRR FTQ B0 B vk B MEAT AL S 56 B K IR A AE T A0 KR e R g b E
AT AR AN 75 BTSN R A A TR A0 T AR FTQ Sk It vk i, A SO HL 5 60T Luo 25 AR IR SR SR IE R 4
T IR 5 1) ST IR 2 P 0L DY FARSIURIAS SCHR H (1 5% — #4535 NOFTQ(non-overlapping fault-tolerant
QoS-based scheduling)ifi 4T T Lh#:.NOFTQ &5 FTQ EyL A [ 7E T ,NOFTQ % A 25 L& Bl it A ] ] DA TR & (1 [1)
AL FTQ 5 NOFTQ b, H IMTE T 20 BT R H Bl A (7] 7T 25 B 5 R S B R Gt se AR I B Ol oA APl L,
¥ DYFARS SLiEBEAT T 06 G o, R e B HLE BAE 45 1K) QoS Znl R E 1B 25 ) DYFARS 5L 424t T QoS
TR AR ST S KT 5511 QoS 2. FTH A ZE /44—~ DYFARS k(1) REWATS EIA L2 n]
SEVEFF B BN A (2) REAEAT S5 B RAS R B S AT B (3) ST 45 ml A R e R H s AT 5%
30, DUDRS SRR AT 45 R AR AR 2 T 810 T 5 2 A /N B0 1

AL ETMLLUT LA L FTQ,NOFTQ 1 DYFARS 1 B, 1 rp 5 i 28 45 ik 6 PEAG 7 3 2580 S0 ik
[20]:(1) i S Bz 3 (guarantee ratio, faii X GR);(2) QoS £ I ¥I{H(QoS level average, ik QLA);(3) &4t i it
) P AT & 1 T Y 34 {8 (reliability cost average, Bk RCA);(4) #&4k R 48 ¥ fig (overall system performance, ) Bk
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OSP,0SP=GR?xQLAxeRA),
41 BRFEISH

SERPETT LAAR 700 s R M P AU 55 e M 05 R R M I 2 HR — M S AN IR 0 AT IS [R] 1) 22 5 AR 55
FERPE AR TR — N A B RS AR S5 BT I T8 1) 22 S A0 S0 vP 78 4 5 B8 TN SRR 55 R S A R T T4 SR
(F X VOIRFS

(1) TR S AT pp IR A ny FRAR R AR D). py S — AN IE SEH py ORI A FR e ) . 2 H
NodePowerAverage 1 NodePowerSpan 43 5ill 2 7= T 6 15 s S35 4 B2 8 7 AT A0 Ah B 8 ) 7 2 i L p; 3959 9y
i 7t NodePowerAverage-NodePowerSpan #! NodePowerAverage+NodePowerSpan 2 [11]1?];

(2) hi RIRAES 4 AL AE B DUARTAE 45 1) S 4 Py o — AN IE 52 45 hy BOR AR 55 6 7R IR — 15 i B AT
i 0] 1. 2 8 TaskHardnessAverage #1 TaskHardnessSpan 435l 2% 7 T 45 AT 5% 1 ST~ 5 A 31 3 5 00 Ak 9l 5 P 97
s kl.h 45143 4ifE TaskHardnessAverage—TaskHardnessSpan il TaskHardnessAverage+ TaskHardnessSpan
2 el

(3) HI T AL T4 A 1) 8 S A AR — il FH AR Y, Ol AN 2Rk — R0k R AT 45t — AN A1 QoS 4l X R
W2 400 QoS AT 55 iy B2 1Y) A BN 18], 1T AR 459 QoS AT 55 7 B4/ 1) A BRI 1), DA o, FAT B e 0.1<<q(x))
<1 A4S 6 R4 ET QoS 44l,q(x:)e[0.1,0.2,...,1], 25 K K 0.1;

(4) AT55 e 2 ny L ABAT I ) ey 7T LR R e=q(x;)xBaseTimex10x(hi/p;), 2, 2 % BaseTime Jj—4
BEMLIE 24,

(5) 45 t AR 42 2 2t 5 di=ai+max(ey)+ TimeBaseDeadline, H ' a; 52 4145 4 (1) B3 I (1],
max (eij) A AT-45 4 76 JT A 47 i b AT Ik [] 1) 5 KA. 2 8L TimeBaseDeadline & — AN Bfi il 1 55 4§, TimeBaseDeadline
(PN a W SR VA

(6) AT R R ABR A 45D 43 A FRA 2 1/1000000(HE: /N ),

(7) 55 4 WBE I ai=aq+Timelnterval, i tb 8y %8 4 HT—AMMESS g 1 E1E I [A],a0=0. 2 £
Timelnterval 4 —ANIE 323, T 8 A 55 1)k 31 i 26

® L TS IS HUE.

Table 1 Lists of experimental parameters

x1 LBRSHIIR

Parameter Value (fixed)—(min, max, step)
Node number (64)—(4,256,—)
Task number (2048)

NodePowerAverage (700)
NodePowerSpan (360)—(160,400,40)
TaskHardnessAverage (300)
TaskHardnessSpan (120)
TimeBaseDeadline (360)—(360,1440,180)

BaseTime (60)

Timelnterval 2)
NodeErrorRateSpan (1.2,2.0—(0.9,2.3,0.1)

4.2 FEHBITERERRM

AT FAT I T T — 2 SR Sk W B S5 DYFARS,NOFTQ Fll FTQ (154 0. S 06 45 S K 8 Jif 7.

8(a) B/ T 2471 438 N j5 ,DYFARS,NOFTQ Fll FTQ 1y 5 il T 2 R B 2 38 1y X A& PR A, 15 A 45088 n
J&, RS FLRE ) 358, AT 58 2 (079 5 0] DU SR 2590 5 22 (1) ST 55 N BT 8(a)H ml LA HY B T 19 450 4 (13X
FIAR AR FR GE B IR 15 00 21 NOFTQ AT FTQ (11 S8 il Ll % 46 5 - DYFARS 1R B B D % 3 2 R 2, DYFARS 1)
QoS LN BEAE TS, BT LS B AT 4 A BE# 252,110 NOFTQ M FTQ 1 LUl ik B AT 45 1) QoS 4 il k4 =y
FE5 W R e D 22 N ] 8(a)ik mT LA tH FTQ (i BE s b 26 4R 2% w5 T NOFTQ.IXJ2 KN FTQ 75 NOFTQ %%
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Fig.8 Performance impact of node number
8 T RHCH PERE N R

i P 8(b)FT LA 751 A S D B L FTQ I QoS 4 Sl I 2 IR g 721 A B /D I, R GE G $h ik
BE L FTQ REH8 M FRRAT 4511 QoS 4% il SRR AT 45 1A I 5 e Th 28 1M 24 715 md B H 3805 FTQ 1 QoS ¢ Jill b
2 BN, 3X 2 WY A A I AR S Ak B T BERR FTQ W] LU AR S5 SR AL B = 1) QoS i, N Ik B AR BRI A
TE NPT AR RN T A5 64 B NOFTQ 1 QoS il T FTQ.UX /& K A, FTQ 1 & G 41 3 K I 3l ik A
L4519 Q0S Ll KL i AT 45 10 R FE R o 218 8(b) B \2 7 Hi ,DYFARS (1) Q0S 2 41l ¥4 {8 bt 1 i $ 1 38 i b 45 B
B0 B B SRR I B 0.5 2547 3% AL K Ol DY FARS Fifi HLi%E BUT 45 19 QoS 25, &6 QoS 4 il %t i AT 45 7
FG AR B N A AR 4, R QoS GBI /N i M R G SRR N, R AR AN QoS G AT 45, X
ISR QoS A3 I AH 2, i F DYFARS #£ 0.1~1 2 [AIBAL L 4 1T 45 E B QoS 5, IR, >4 R 4t S 8 i %
T B2 SAT 45 1 22 W) AT 45 191 27 QoS 2 il it i3 0.5.110 NOFTQ I FTQ W] LUK HE 2 48 41 A4 i 1 3 I M i) 4%
FE25 11 QoS LA, 211y FBUR 211115 R 40 S BRI, QoS il ¥ st iy ] LIS 3] 1.

8(c)!Z7/~ T DYFARS,NOFTQ Ml FTQ ] 5 M FF A8 35 Br T 19 2N 4 (X PhAR IR 19 R 48 R A% DL Ak,
W RT SRR T AR BE A T s B 3 T 8> DY FARS FIAR AL B2, 1T NOFTQ Al FTQ F vl 5 I JT44 s
LR W eSS Een B T I Rl 1) | =T T R R R b | TR B 2 N P N s e
R 22 b A 4 T 2 T A L v I R AT AR B A AT R G 0 nT FE P TR RS I k- NOFTQ Al FTQ (]
SEMETT R AR AN R BEATTRE S 7 r FI ] R 72 B H 2 . R RN 3L~ ,NOFTQ Al
FTQ REM 151G N B2 = 1T 55 1) QoS 2R i), — FL IR FF 0T 28 5 W UA 140 78 43 1) I BR1 b B s [ pAy ] Sk R AR A AR
AN KB 8(C) B TT LAE HY, — M1 N ,DYFARS (1) AT 5 #E TF 84 e /N NOFTQ (AT S ME T 85 8 K, FTQ Lk NOFTQ
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IR T 5 P P I /S I 0 B T DYFARS AT 45 76717 A n Sk oA o 9 797 0 B AT I 22 0 v Sk LR A I 7
AT DI FTQ AT NOFTQ o 8 5 AR FH 245 v, W ] S M 48 v 49 il (R AR 2 10 W S R AR A
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FTQ Lk NOFTQ I nJ &£ VL FF A& /> JE PR FTQ K H T BINUA B S BAR B8 5 T v SR8 & 39 s R H 3 A AT
45 W 22 M7 X 8 45 BT

8(d)4 ! T R Y AUE 1 i DYFARS,NOFTQ 1 FTQ H Ak fig (A4S 4k 1% vt & AT Lt Bl
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Fig.9 Performance impact of node heterogeneity
B9 5 kS A X P )5 )
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AR/NHRIY T ORI SRR B R A8 DA A IR IE TR, BT DA A E TG A S ) AR A A
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AL sz oh i %2 % TimeBaseDeadline M 360~1 440,25 K24 180. 525 45 - 4n & 10 Fiw.

Il DYFARS 0.8
EhoTe [ BuEE
FT
° © & 06 LIFTQ
s 5 |
5 g 0.5
E % 0.4+
s = 03t
= [%p]
© S 02}
0.1F
0.0
360 540 720 900 1080 1260 1440 360 540 720 900 1080 1260 1440
TimeBaseDeadline TimeBaseDeadline
() (b)
Bl DYFARS 0.10
2.0 3 El DYFARS
) I NOFTQ S 008,-NOFTQ
5 LIFTQ £ 008 Frrg
> 15¢ £
% GEgL 0.06
1.0t
2 2 004
= >
] =
T 05¢ S 0.02
i 5
0.0 0.00
360 540 720 900 1080 1260 1440 360 540 720 900 1080 1260 1440
TimeBaseDeadline TimeBaseDeadline

(©) (d)
Fig.10 Performance impact of task deadline
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DRI, RIEAT- 45 AT 5 R 1 QoS 250 o it % o il oy 2 32, K1 1tk NOFTQ FH FTQ (¥ B e ) 22 4 [ml -

K] 10(b)2 B, Bl 54T 45 #% 11 W (0 IE K ,DYFARS,NOFTQ H1 FTQ 4 J& Rt o & (1) 28 k. 14 #4 DYFARS — B - %¢
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10(d)45 HH BB AT 45 8% 1 W A SE K . DYFARS,NOFTQ FIl FTQ f Sk M fig . A B FF /T LG H FTQ S AR ik
A T A D 4 T DYFARS AT NOFTQ, 23 il 2k 76%7F1 9.5%.
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Fig.11 Performance impact of node error rate
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[R5 1X 2 K 2, DYFARS,NOFTQ Hl FTQ #FR 43 % 8 T ZR G017 s ¥ Hh A 0 0T L Rl N 309 B S0
&l 11(0) B, 5 55 H 4 2R 58 R (R A2 4k % DYFARS,NOFTQ 1 FTQ ) QoS 2 JiI AR 4k #a 34t We A 7 A= B 1)
R IX % R A DYFARS,NOFTQ Fil FTQ #7843 2 1 1 R GE 19 5 1) H B 28 08 L\ 21030 2 Bk .
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B 11(d) 45 T B A T D A 0 A 38 K DY FARS,NOFTQ F FTQ F S A& M i A B /] L H L FTQ i
AR BE I B s T HAB ST VE SF 3 T DYFARS HI NOFTQ, 20 il 2 91%7F1 16.4%.

5 ZRERT—HIHE

PR SR m RGN A AT Bez —, H iy O AT 1R 2 S5 AT 55 (0 2040 U0 B2 B0 238 3% K
T EBA QoS 3K (15 I AT 55 248 YA FE 5V AR SOG4 40 19 2 I 2685 98 2 ) 4 i 3 A QoS 75 K 1) S i 7 4
WA R ) AR T — Al A B S A A T B RS FTQ T R AR R G b or ., JEJE. 45 QoS Tk
SEIAT S e T — R IE A B AT QoS T 3K I S AT 45 A TR R AR TR 2455 0 A A4 45 1) 5 AR AR AS 2%
R AL ERE LT LN T RGN SEE 20T, 5 2 S8 10 T S TT A I A AZ A A op R, R 158 N OR N AT
FAR AL 1) QoS i AE VR FERE Y KAl BB T — Bl I AR R R B FTQ AR & % 18 T 55 N
PR QoS FFsk. RLMITTHEM, M KM TRIRAESH A & T R LI R H 2R I/ ZIH S FER
HAFEIA UL s 7 AT 23— PR E T RAM B EAN AR KRG S % B RS i T
DYFARS,NOFTQ Fl FTQ iX 3 Rl I PERE, SL 5 45 R AR W FTQ Sk AL+ Homh 5 vk, R IR 3 i R G ik & & T
SER AR IR T H AT QoS T 5K (1 5 I AT 45 B A 284 I

— PRI AR B HE DU PN J7 10— 2 — 20 58 35 U8 B A 70 U B v 2 LB A TR K Y 4% A% i
GEIR 2% |8 BT 55 BB AT I IR) 2 R AF 0 32 - R WA 7 3B 4 AR, AT RE — 20 4 w1 22 48 1) B R FH 6.
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