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Abstract: In this paper, according to the characteristics of signal processing in cluster-based SR systems, the
following scheduling issues are investigated: First, a universal scheduler model suitable for signal processing in
cluster-based SR systems is proposed. The model is simple, the efficient and it avoids the bottleneck problem.
Second, a novel three-step scheduling strategy-RQBB is put forward, where the existing DASAP algorithm is used
in step 1. Third, two heuristic algorithms MQB and MSD are proposed. They are used in step 2 and step 3 of RQBB,
respectively. The MQB is a fair algorithm that strives to make all the accepted tasks have high QoS benefit (high
mean of QoS levels and small difference of QoS levels). The MSD is designed to guarantee the system with high
throughput and achieve load balancing without violating the timing constraints of accepted tasks. Extensive
simulation experiments are performed to compare RQBB with RQRB, DASAP and DALAP. Experimental results
indicate RQBB improves QoS benefit better than others and achieve load balancing while guaranteeing high
schedulability.

Key words: cluster; software radio system; real-time; scheduling; heuristic algorithm; quality of service (QoS)
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RBEH F R RER L R G T FAE 5 AR AR 767

REES S TP301 CERHARIRAD: A

AR SRR U S AR R J TR 7 1 A R A AR T A 1) () R, T B A 0 KR BE AR T 6 Tk B AR R
i AR BN AR T SR R I B 8 U I AT S 1) T B AR SO ST eT A 80N SR A o B R SR T 46
FoSEVARL Y SRR I 9 A KA S 0 e N R G ok AR A b Y RO RAT U S5 O R A 5945 5 ST v 1 A R E
AR AR, DL 3k 38 S5 I R AR S0 £ 5 0 D 1,3 S L R T S RO 5 1 T,

TH B R A W 2% R B ) KA A5 5 A2 5 AT AR R B R AT R RS A X S R N R GG
SERE 5> B2 AN B P (R 55 ), 88 )5 3% S8 4 45 1k o3 IR 30 45 N 719 0 BB AT IFAT A B A B S I &5 T BEIEAT DR
CLTE 56 48 1) 508 )3 51 TR AT 45 2 IR0 A7 A8 DR 22 AT 45 78 10 L ) IR AT Ab B IE 2 o 40 A 35 A5 B A
AEAEAR S W, T LAAT: 55 5 b B et 5 v 2 A st oy 0, g 2 2 5 500 1 90 £ )6 EBCESF T g DO I e - 8 s — A
55 1 56 J I 1) DT 35 /N A T 45 14D 5l b 1) D g /N A 1 15 S (makespan) K 7 B T 42 3 R R IR 7 ik 26,
/N IEIR A B BT IX A SO ST — A E A

H W7, A VF 2 1RV 2% BEAS R A5 5 A 3 A0E v DU T [R)— 1% 5 AL 3858 5 6T ) 52 2% B v 15 5 Ak B8
B AU HAF 5 Ak 00 o, (R S A8 110 Ak B (v 7 B 1) 50 2% AT PR 5 Ak 8 095 0 0 A I 490 3 T 4 A
turbo it (KA, SCRR 2142 T — Fh 230 S5 e (R 3 AR B0 0k AL 130 ) 100 A D) 42 2% BB AR o O T A 19 ) Joi o R e
W) A2 2% P 2 WV REATH 92, VP 2 2 AT 7 KBRS0 IE4R L T 2 Bl LA S (7 e 17 42 2% 2 1) 1 0 B4,

5 5 B 0 B2 AN B YL (T 55) Ja , 75 Bl I — 58 1 1R SR X AT 55 43 TR I AN [R] P Ak 1 bk
ATHL IR X HHE M B T RS 7 28 L S B R A 45 1 Ak 3 5T 4 5545 A% G0 11 25 gl 42 s A =R T — o8 ) 1R
J3E SR Rk 1 5 52 B AR A 55 0 i TS S e A B AR R AT DA 2 AR ] 6 Ak B A IR 0, AR SRS
PR 3 — > 32 B PN 252 o] T 3 R 5 SRS A W AT S5 ARk LR ST PR AT B R I AR A AT 45 1 Kb 5 e (R U FEA - QoS
W), BT 45 BB B R i) QoS 2l [A] i B A /N ) QoS 2 5.

ARSCER T —MIE A ER R TC L R G R T AR R B S ——RQBB(real-time—-Qos enhancement
adopting maximizing QoS benefit-load balancing).i% 5 I K ] 3 A0 B SEBLERATT % H 47, B0 KRG B A B &
VAR IR e i P I 3R T A 3 S gk Y 1, IR IR AT 45 A6 i R B I ar 3R N R SRR B R B 1 P
K Qin 25 N2 ¥) DASAP STk Ktk By AT S 10 0, 4 2 5 R A SCHR K — Bl A P8 QoS - TH5
1F——MQB(maximizing QoS benefit) & ik £ 4 1 IRl L KALAES 1 QoS W ai; 28 3 B R A LI
— B ) 47 3% 4467 859 — — MSD(minimizing standard deviation of Nodes” latest finish time) .32 765 2 & (13
itk b 35z /N BT A R 58 B T8 () A T 22 DA /3 2R 48 1) 0 I 2R 0 31 4 3 38 1t

1 FMxI1ME
H AT O VP2 B T4 BE T S0 10 9 88 00 AR T, 22 45 1O BB D0 40 TR 8 B ) BB — A NP it I /e 4

B B0 A A A e 0 R s TRt 7 S B B T T S S R AR ) TR AR 2R SR R T R I R AR T
Ji S 2SR AR P i) R8O Branu 25 AT 11 Bl FH 0 R RAVAREAT T VP AT IR 2 g ok o B SR A
OLB,UDAFast Greedy,Min-min,Max-min,Greedy,Genetic algorithm(GA),Simulated Annealing(SA),GSA, Tabu FI
A*SCHR[10] S 56 45 R W], Min-min,GA il A* BATRLUF RIPERE. X 3 Bl IR ik B2 B 1) 22 S AE 5% LA (H
GA Hl A*[¥ Iz AT 1 FE LG 7 SCHR[10]F) S 56 v % - 512 AT 45,16 AN Kb BE 25 (1 744 22 48, Min-min 3k 55 2
1847 15,GA HEF HIE4T 100s,if A*N 21247 1 200s.Maheswaran 25 A 42 7 —Fh Sufferage 5%, B A L
Min-min $73% 8 47 ) £ 2845 7 1. Subramani 25 A2 H T Bl A8 a5 0k AR R 0 i e U R A i lB A e R
B IX LG B SRR B AT AR G AT R v (W I AR ORI ) S B A AR AT B P S AT 55 [ I 1) R A, AN 5
IF R B3 GA R SA S5 R N T4 B8 10 7%, H T 3K 6 775 455 (1) A5 IsF I) 5L A7 S5 v 1700 P A ek TR b R FH e
VR JE S TR A K 1t 98 0 R A IR, B 54 R G AR A A ] iR JEg 12,

S 2R B8 AT LA 43 B Sz i 2R G VR i s i R g A R AR R SE N R G (o AN IR R G KB RIR S
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H AT AR AT 55 AN F6 T A2 IRF ) S SRR IR 00K P16 7 A 9 10 i SR i o s I R e (R A i R 4 LT
ARG AT AT 55 AN BEAE AL 0T P 58 AR AN 2 0 2R 405 AR K K [ 5 W (F S R R 4R v AT 45 1A U
2 N5 5 A BRI R i SRR TE 4 v R G TS I R T SN R R T A4y Ay e A O R
(static/offline) ™11 5l A 1 Ji£ 5232 (dynamic/online) 1 2 i A% 1 3 54538 5 J4 391 1 (periodic) 4T 45 1 22, T 8 &%
R S T AR JE 3 (aperiodic) (T 45 B2 . i T-45 5 254 s A8 Bk, DR A SR 1 8 8 6 8 T s A U S 5
LRI, — S S I AT 4% 1 U B S0 R 4y 210 (preemptive) 24T T 5 — 6 SIS AT 4% (0 R B A R AR A
(non-preemptive) 1, BIAT: 25 7 AT b A Hh AN £ 4 A AT 55 o T A SR s 8 33t DR SR T AR 46 o =X o 3 55
T T AR K Hb e AR AT AT 55 il AR 0 AR A 0 3T A 5 Wt 1 PR RO, 73 b — S 3 59 P A 3 204 A 77 A4
5% 7 (dependent) (4T 45 113171 S MU AT 45 2 i (1) 5 Z 08 35 AT 1) JE 2 B (DAG F) KA iy 3 — L8 4505 1 R
8 e ANA7 A7 A A5 5 2R (independent) (R AT 45 OV 41 i 11 T, th 45 5 70 45 0 B 00 AT A B 38 8 vl 40 M 27 2
L, R UG AT 1 R J3E SRS S T AT 45 A

AR AR 22 001 5% 3 B 00 T T 2% e AR BE oP A 40 25 56 A TR 10 47 190 D190, B 9 A2 [T 1) AL S o [ 4 S B o &
H W S A AR BT IR, 2 B DRy H AR 2 (E A5 A FH (079 R0 AT B0 I AL 2 e 0, DR e N2 5 £ 2% 58 AN ]
AE— Yk R T A1 AR AT H BT O S AT S A AR A B S AT 45 1 R B R L Qin A R T
Tl 7E S IR S 2R 0 R AR v AR T SE T 1 R AR Auluck S R Y T FRAE SEIN SR AL BEHL R G R
FE AT 36 B AT 45 A2 sh ) 1< 00 A 2 A T F 9 8 A9 BLHEAT 45 A0 A 32 o oty o3 40 g UL 1) 5 82 [ b, 80 T R 4
F1 S50 A3 35 A R e 2. [ A 9 7 2% 18 R AR 1Y 55, 11 QoS T Rk 4%

X T 2845 Q0S T 3R M9 S i N FH bt 3L T — SR I (10 8 5 53 481 4 Mittal 25 A4 H T Ak QoS BRI
A S AT 4518 12 573521 Abdelzaher 25 A H T —Fhilit QoS B 7 3 - KoL i S A6y o e 42 A 451,
AR RSO ST — A 2 B2 N B0 W R SRR AR A JE 2 v R el T S B A AR AE S AL B QoS 7K Al
FHT % BAT 5K QoS WL . H i A WA 30 %

2 FERREMESRE

2.1 IBERRE

U J3E ARSI T L4 S 1 S A o xR R AR 3 A 2 R O, 5 A 2O R A AR AR L B b 2
JSE RS B RUAT P foe W) A (1 D0 s 1) S 0 r o U8 B2 5 10 95 4 8 T SRR AR B 2) SEBLLLAR AT L A ) Bk
FEAENT R H AL E « Bl R ORISR AR G0 R, 1Y U 5 a8 A 3815 7 5 T O, 1 P2 T4 LEASOK.

A SCAE S rp G A A ) RE Aty R4 T SO A T RS SRR L R SR KA R S b P
103 P A A B2 R R B 1 PR,

Scheduler

controller controller controller
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1
1| Real-Time || QoS level || Balancing i L O Ny
| |
1

-V:IO N2

High-Speed

1
isiti Task | :
acquisition sk ‘H | | | | |_>| | | |-b
equipment > partition ' | ,
Scheduler Accepted Dispatch
queue queue queue

1
! !
' 1
' Rejected queue .
e pred ey (O
| 1

Data dispatch server

Fig.1 Scheduler model
E I T2 7 R
TE A% VR S A AT vy 5% 60 46 () T80 3 e 1P 4% 00 AT . v TSR R W 4 SR AR B IR 5 B i 40 B 2 AN 5%
S5 AT TBCHE YA BE BA B v 0 43 B IR 55 4 92 B B — ANl A 2 AN (1 4 ST I8 M) I B 9 25 A8 S L (1
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Q1:48 11T JK P 28 A e BL) 22 11 IR 45 2%

ST S 2% 1 S0 AR g AT 45 1A 2 I T 6 A A TR A, S I s 4 e T AR AT A 224 BT 2 H
T R R T 26 (1 R RE S AR S5 T SR B N R A QoS 2l (B SR FH I IR) 52 4% B d /N B 5 AL R AR,
I PR 48 g AT 55 10 U JE R T 288 S s 4 1) 88 AR AT A 45 10 A o 390 R B0 AT 1T ) e 28 AT 552 15 B 42 52 . QoS 455 il 2%
FH R 2 BA 1 AT 45 1) QoS WL 25 . 35 i 44 1l 8 A BRAIF AT 45 B2 U AR QoS IR ZR ANAR (W3 At b, I 4R 4 AT 45
S BC CAIK B 50 BT 2 T AT 55 45 R 32 30 49 R B, 4 1T 43 e 3048 58 15 AU SR BA B Hp S R 21T S AT AR

AR SCHR A ) 5 B R R B AS BAT DR i) O A R R D B 43 R IR S5 5 AN B A7 S 1) 4 E TR
BSOSO R AR A% N I, 24 B Rk, 3 e 8 X 10 SR AR AE KA 11 v A i, M TR S TR 1 A 2)
W B KRR A FEAT 55 AN T 4) R A4S, i i T o i B 88 B 0 38 7 RAE T Sk SHoe vk;3) HE
ABAI PN T QoS I M I M A FR i T Rk LB T kB A, W R & T4 1 QoS
22 FHEIEE

A T={tyto,... L PAE S AT N={ng,Ny, . N} b 1T SR AT I TR) I B E=(eip)nam R, L T 3 e £
AE55 4 25T 5y BT I Ao ORAT 45t IR 0 AT 55 g 5 T4 BT 1) FH AR EST=(esty)nem 2271, oHh T H
estij LS 6 AL AL ny LIOSCTIFIARTIELM Db HIEEEIE, M = max{f} JEh £ FORME5 b M58 s ).
X=(Xii)nem A ZICFERE, JCER xi A 124 HACHAESS 6 420 B 2055 50 ny B, 75 00 x5 4 0.CE=(Ceyy)num B4 —J0HE
WE,JCE cey 2 124 HACKAEY £ ny BIUATS 6,3 QoS Z il ny BAHEER T, 75 10 ceyj 4 0.Q={d1, 02,0} & 1% QoS
FONAED I, 01<0<... < Xi RIRAESS 6 A FAT I L xie X o0 4 BT BEIE 6 AE 55 6 R A % T EE MK QoS 24
AT LA R R q0G).xi A& > AT AT U B, 5 0l A B A 450 1) il x B3l dy B fi<di2) WAL QoS K,
B qu<q(xi)<qi. S R AT 25y EBTAAT 45 (1) QOS Wi 2 S Hsf 1) PR sl 1y 42 906 A2 T 1l B A 57+

n

2.06a(x))
max @ ==—F——,
! i ZXII
i=1
n 2
n 2 050(%))
imxn p= .ZL‘ Xiiq(xi)_':lni X
= ini
i=1
BB S — AN G, Ry EATSS B QoS W s . e R AK ny EAT45 1 QoS Wit s mI g A TR T H AR ek 4K
QB; =max{;(|2 },(Hcek,- =lapm 2 ) v(Vee =1A z <7) )

Bl LA %A 54 QoS Ziil(1,2,3,4,5). AEH—1 i A 5 M5 (ty, b, ta, b, ts) 2L M BT AR M (19 QoS 2l 43 5l ok
2,3,5,2,1.% & 0.1,y K 1.78. 40 FAFAMMES 1K) QoS 5 /3 2w 1(ts BRAN, RN t 453 B 4 fic vey), 45 5
Hilf QoS Witad, sk 4 =196,y =178, z, =1.96 Fl z; =2.20.QB, :maX{le A A }:2.20 R, IX 5
AMT55 18 QoS 4 A4y 3l A 2,3,5,2 il 2.

Bl 248 WA S5 LA F 5 AMTSF1 QoS LA AL 4 HTIX 5 ML QoS ¥k 1.4 &=0.1, 0 yIHI{E K
10. 458 MESS 1) QoS 2 5l 43 il i 1, 1 QoS W 25344 2.4 34F 41 < x(k =1,2,3,4,5) fHJ2 U1 S 24 i AT
—/MES QoS Y R A A S AHIX 5 AT 55 2 Hak 1, W 3X 5 AMES5 8T QoS gl & Hh—ANh 2,3
ik 1 EARB QoS W ai /TR QoS WA H it e T Jey s AL i) T A8 AT 45 A7 8 — 20 1 QoS AR THHL & 1
I8 M7 R A SC T ST 53— AN T ) AN R IR 58 R ) T BLR R O LR, =?2iag>n<{xi,»fi} R B

© PEFPEGERIHITON  http:y www. jos. org. cn



770 Journal of Software 4kfFZ4% Vol.20, No.3, March 2009

M = max{LF} AR SO 1Y 5 6 I 1) PR R 22 R A i A 4 (0 SR BB M R L

I1<j<m

@

o D LF,
Hodr, LF = Hm SRS AT I B BR R SN TR T s 58 B TR AR A

min{LB} (3)

3 MQB #1 MSD &%

3.1 MQBE%

MQB 52:4% JE H b bR 20 (1) S B KA TR — 15 i FAT 519 QoS W25, T HI 1 58 A 43 5 FLAH SG i — Se 1 .
TR 1 W —AMES 1 QoS il vl 4 18 & I 4 — & PR IFE QoS A% i J5 AT 55 AAE | — 15 il R30S
THARAT R T A A 5505 A A 30,
(BBEAE 11 Ay b B RAT S5 9 QOS S BT 4R 5, B cey=1, 5 AL TP A A 5L
est; +¢; (a(x) <d; 4)
V.S > S; :est;j +8y (a(x)) <d, (5)
For esti AT S5 6 4571 A0 ny L i LT AR I 18].eyj(q(xi)) 2 AE 55 6 7E 719 15y | QoS 753Kk q (%) F AT I Th).sj; &
ARAESS G AET RNy B IBATIUT . esty, = est +ity  H T ity FORTEN A ny BIOAESS 6, QoS i — AN ) 1
I B) 38 5 PR BT 1 SR W55 QoS G S I TE s A2 B B3 AT 4548k I ) ISP S e B S AR AT L4+ M DASAP B
TR T A b TR LS T AT 1 BT A A 45 A 1.8 3, — A1 L AT 4 QoS 44 il (M4 T AN 25 5% i 21 0 Athy
R R ATS AT S5 /57 8 0y R0 R IT AR I ) est; AT an R oS
est; =a; + > e, (a(x)) (6)

8§ <Sjj

Horb o FRE 5 6 M BIAISTE), D" ey (a(x) Fan7E 1T AL ny b BAT T/ Tt (89 5740 A 55 (K 4R AT I [H) 2 AL
TR 2. W H - MES 1 QoS YA RERE - TT B4 IXAME 5511 QoS 4l LUJG WA il B £ 71
PR Ry B AR 45 416 QoS 4400 q(x) A REAAR T, A LU T PR o
(1) a(x;)=a, BLIT t; 1) QoS 4 il & & devmn, LU th AN T BE 4 42 T
(2) a(a)<aw T2 qa)$mE— DY Ja AP 1R 3,5, > s; sesty; +€,(q(x)) > d, ,JEH est;; =est, +it;

o est; +e;(q(x)) > d;  HI T A ny LIRSS AN BEREZ 57, 1 R 3ty p1, A4 £, (K] QOS ¢ AT LAFARTT, 2 sy<s

I, V.8 > s, s esty =esty +it, MR 5 Lt 5 AT I PT A AR 55 I ST AR I [0 389 0 A1 55 & SBEANRE

AL TR 1, DR BEAN T BE PR B T 24 spy<sy I, 3, 55 > S,y s estyy = esty + it AEAFAE 7] — 4 ki _E G I 4R AT 1

AT 55 foc LT U NF TR 386 00 AT 25 & A S R P 2 P 0T 1, DRI AN W BB P g 42 Tt
PEBT 2 KW, IR B MRS QoS S A Be B $2 T B4 IX AN 55 BUJE AN 0 FREAT QoS 4l $2 714k

L AT ARG T 9 32 1D I ) 53 %

MQB SVE AL I & 2 TR,
MQB FEVE I H A5 & 700 2 7] 5 1L T 155 I 18) 2SR KRR Atk b e R IX 6 4F 25 (1 QoS Wi # A 15T 2

1) 2, Q0S W ai H s bk B3N 2 AR 20 8 (1, DA TIT 8 G T J) S A A 1) R, 048] 2. 1R bk, MQB B2 BR EAT QoS 45l

FRTI AT 25 2 % AT 55 BE AT A5 L QoS Zl4R i o #T QoS W s e R (LA 2 1 19~38 22 17).

HRAE T 5T 2,20 KA 25 11 Q0S LA qu, IR 4 X BeAT: 4545 b AR5 S TR N BR (L3675 8 47). 1k o =2 i
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ARG F RBRMRER L ARG T FAE 5 AR EAR 771

7 QOS 4l AN AT g FF-4 e T LA AT 0 2 P AL BIOK SE AT 5 AR PR 5T 1,76 88 0715 40y BT S5 6 9 QoS 4 2
HIF,MQB L3RI 15 1 6 G0 A1 00 A2 12 A 55 O A 34, [ I AN S B AT A 55 IO E I (L 26 12
7). I RANREW A2, R WIS 6 10 QoS il AN RE I N, A L T AR5 NG & S TP IMBR(ILZE 14 47) R e 18
AT REME AT 21, Ui ] 22 DA — AMES5 9 QoS 4 al AR T R I 43 1 MQB 3% I [A) 5 2% &2

1. for each node n; in the cluster{

2 S«NULL; /*initialization*/

3 put each task t; into set S; /*this allocation of tj on n; is determined by Step 1*/
4. while(S is not empty){

5. max_reward<«0; flag«—FALSE;

6 for each task t; with QoS level gp in set S{

7 if(am=qx){ /*t; has the highest QoS level*/

8 remove t; from S; (Property 2)

9. continue; /*to deal with next task in set S*/

10. Yelse{

11. increase QoS level of t; by 1; calculate the increased time it;j;
12. if est; +€;(0y.,) >d; (Or 3t s, >s; est, +e,(q(x))+it; >d, ){ (Property 1)
13. decrease the QoS level of tj by 1;

14. remove t; from S; (Property 2)

15. continue; /* to deal with next task in set S*/

16. } /> end if */

17. } /> end if */

18. flag<~TRUE; /*QoS level can be enhanced*/

19. calculate the new QB;;

20. if(QB>max_reward){

21. max_reward<«QB;; /*find the maximal QB; */

22. }* end if */

23. } /* end for each task t; in set S*/

24, if(flag){

25, record the task t; with max_reward, selected_task<«t;;

26. update the execution time of task selected_task;

27. for each task t, whose s, is later than that of selected_task{
28. update the esty; of task t on node n;;

29. } /* end for */

30. }/*endif */
31. }/*end while */
32.} /* end for each node n; */

Fig.2 Pseudocode of MQB algorithm
2 MQB FiE LY

EFE 1. MQB S [ 1 ¥ i ) 52 2% 4 O(nkim), 2L eh n WAL 45 %, m 45 s %,k o QoS A%

UE B R R 5 R DT AR SIS S (-1 35 I 8] 52 2% 5 24 O (n/m) (L 38 3~28 547). AT — 4> 145 1 QoS
P2 B, FLIN T B2 2% O O(L)(WL 3 7~ 10 47). 455 6 19 QoS il & 1, I v B In B) 4 5 ityy, I m) 52
ARPEA O(L) (LA LLAT). W —MMES5 1) QoS Gl 2 1 I LAER iy 1) ~F- 34 I [] 52 2% B 2 O(n/m)( L3 12 47). i1 55
BT QoS Wi zs QB H ¥ I [a) B 2% & ok O(n/m)(WL5E 19 47). 5 B P AT # K T selected_task [ S L84 45 1) fix
FLIF GG I (0], F T 35 1 TR) 52 24 B2 O(n/m) (LA 27~28 29 47).[K it MQB S35 1T~ 35 o 1) 52 2% B T °F v 44

O(m)(O(n/m) +O(n/m)(0(k)(0(1) +0(@@) +0(n/m) +O(n/m))+O(n/m))) =0(n%*/m). a

Ay kN B AR S SR RN S S AR AR S B AR 5 A B AR P AT — IR AT 452 BB A 50~200 2 [A].QoS 4%l At
2~3 2 (), PR L N ) B2 2% FEE ANy
3.2 MSDE3%

PR 3. FE25 LU AN SRS B B H A 45 ST, 49 IR 36 421 (1) makespan /b, (2) 7EAE4 QoS 4l
AR IR 95 A VAT 4 A 0. 24 54 46 1T AR BN, WA 26 5 £ 2 i 51 4 40 .

B A g (5 RN ) L, J5 K, 2 b 5 AT FOAE 54 bt S RERS B B HL At 45 5, 4 TR 0

(1) WA m Rt BB B AR N 1 B LW LR, +ey (%)) 2 LF, U n ), p £k £i:
LF, +e, (q(x)) > LF, 37 makespan {35 /< 28 sl I, S b NI A7 £ 45 10 2 5 1 1], DAL & AR s 52,
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(2) A 2 4 BENENZT RUG WL LR + e, (a(%)) < LF; B9 25 (0 sty +e, (q(x)) > d; AR 4 B3 E] ny
T LA A makespan 3/ (HAS BEAT AT 45 76 QoS 2 I ANAR A 00 T 42 IR 5 Je, IR B 6 AN e A% 3.

MSD St RS 8] 3 7. Ry T e /MU 15 58 BB ] IR AR AL 22, MSD S5925:06 56 BB ) Jge WG 1) 19 il
B — AT AT S8 ) B 55— A5 S 4512 H 07 25 00587 e B T e AN (ISR 7 A7), A B 3 R AT 55 19

O LRUEIL QoS AR (LA 6 47). R 11 43 A1 MSD 2 1) i 1) 52 2% 2.
1. do{
2 balanceFlag«—FALSE
3. find the node n;, where LF; is latest; min_LF<«LF;
4. find the last task t; to be executed on node nj;
5.  for each node ni{
6
7
8

if(LF +e, (a(x))<min_LF & &LF, +¢, (q(x))<d, }{(Property 3)
min_LF«LFy; /*find the node on which finish time is minimal*/
. balanceFlag«—TRUE;
9. }/*end if */
10. }/*end for*/
11. if( balanceFlag ){
12. allocate task t; to node nq whose LF,=min_LF;
13.  update the values of LFqand LFj, LF, « LF, +e,(a(x)): LF; « LF, —¢;(q(x))

14. 3} /*endif */
15.}while(balanceFlag)

Fig.3 Pseudocode of MSD algorithm
K3 MSD Hikth g

IR 2. MSD LI 1 ¥ b 1) 52 2% 2 4 O(min+n?/m), 2o n 4T 45 $,m by 5 2%

E B s 3K 3 58 B ) S IR (99719 A g, JEB I S 2% O(m) (LB 3 AT). #5715 A ny b, 3 3G — AN HAT 94T %5,
AP TR) 52 2% B2 2 O(ndm). F B H BR T 50 ng A8 7312795 R T 50 SN 9] B /s RIS T) 52 2% B2 2 O(m) (L5 5~%6
10 AT).BEHT 8 0y Rl ng 58 S TR R) 52 2% 0 O(L) (W36 120 58 13 47).18 1k, MSD 323 1) 1 35 i 1) 42 2%
JZh

O(n)(O(m) +O(n/m) +0O(m) +O(1)) =O(mn+n?/m). O

IR UL N do-while i FR K BN n-1 B i TR S 105K E LWL S KR LI 2 T &A1 55, K L 76

FRAURBOR A 9D A 45 MSD B3 (i 1) 52 2% R .

4 FIEMK

RS B K B 5 5 SR K RQBB SR 11 1 Ak 4L 5 DASAPI® DALAPPIELILHII RQRB S (1,75 3
AR 1 SR 3 25 RQBB M, 5 2 25K Round-Robin S7%)BET i 2 P2 LK DASAP
DALAP SIEREAT T W 18 o, BB ATTBEHLIE HUT: 4511 QoS 4 & i I A AL i J2 it T QoS 5 3K 5
S EATBA T KA QoS Wi I 15 AR GLik B S B A 7. 1 1 7] 2 4 DASAP 1 DALAP §i%.

1. DASAP Hid AT 55 B 5 AU I PAT B A0 5%, 9 BAZAT 454k 23 e 2048 20 B A o5 T JT 4 I 1) 1 A

2. DALAP Sk AT 4 HA e A EIAPAT Se i 4, I FZAT 45 1 40 W0 20 76 i 2 o b R a4 A L L
5 WO T 4 B T )5

ASCFE LR LA TH B RQBB. RQRB. DASAP 1 DALAP (1 fE:

W BE Ll 2R (guarantee ratio, 7 #% GR);

QoS Y25 #1E (QoS benefit average, fij FX QBA);

QoS %% 51 (QoS level average, fij# QLA);

QoS Z i bR 2 (QoS level standard deviation, {7 # QLSD);

W 8% P (Makespan, fij 7% MS);

W 45 58 A TR) R v R 2 (Finish time standard deviation, i F% FTSD of nodes).
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4.1 BEHFEMSH

SERIPETT LS 1 s S R R AT 4% S W ek P A S S o 8 40 2 18 T ST 45 (K S R P T T 4 s
B KR4y ik

Lo TARIY s i Pk py 9 s ny AL BRLAE J) . py 2 — AN IE SEHpy K15 R PR AR )l 2 4K
powerAverage HI powerSpan )7l 275 T AT 5 KUK V- X A0 1 AE ) BN R AL BR 8 ) 1T 8036 B py 3850 L A A
powerAverage—powerSpan 1 powerAverage+powerSpan < [d].

2. N RIRAT S5t (R AL B 8, B AR BIAT: 45 1) e W g 2 — A 1 S0 hy B OK AT 25t 7 [F) — 19 R B IR AT I
) K. 24 hardnessAverage i1 hardnessSpan 43 Jil 5 7 T 7 AT 45 (1 1~ 357 b 250 sl 8 R0 Ak 8 30 8 ) ¥ ) Y T 38
14y A 7E hardnessAverage—hardnessSpan 1 hardnessAverage+hardnessSpan 2 [H].

3. SCHR[OTRE AT 55 AT HLBE 53 Jhy 4 52— S (consitent) A1 B At A — S (inconsisten) A B A SCHh AT I i) R B

T BORRE AT 4 4765 4 ny T e ATILZR 0 6, =[1+%]xbaseﬂmex(hi/ p) 3111 0<q(x)<9

B4 4 (2480 QoS 2 ,q(x) A — IE 2% 2% baseTime 24— AL IE 924
4. AT 4 AL AT LUV S0 d; =, + max(e;) + baseDeadline , 1 a; S AT 55 t; 1 234 I 1), max(ey) A 1T 55
G AE T T S AT I TR 1) B K E. 240 baseDeadline J& — AN B AL 1E 52 1, baseDeadline i ok, T 25 78 11 HT88 58 42
5. 1 2R &0y (KIF4G TAER [).r & 7E 0 R readyTime - 1] () —ANBEHLEL 250 readyTime Jy—ANBEALIE
SHLR LA TR T S .
Table 1 Lists of experimental parameters
x1 LBSHHIFR

Parameter Value(Fixed)-(Min, Max, Step)
nodeNumber (Node number) (27) - (15,45,5)
taskNumber (Task number) (2000)
powerAverage (Power average) (700)
powerSpan (Power span) (400) - (200,600,50)
hardnessAvergae (Hardness average) (190)
hardnessSpan (Hardness span) (100) - (40,160,10)
baseDeadline (Base deadline) (50) - (20,90,10)
baseTime (Base time) (3)-(1,6,0.5)
readyTime (Ready time) 9)
£ (0.1)

42 AKX IEERRNT

AR — 4 S LB S A RQBB. RQRB. DASAP Hi1 DALAP (1540 S 06 45 A ] 4 s,

Kl 4(a) @7~ T RQBB #1 RQRB A AH M GR, 45 T- DASAP Fl DALAP [f) 16.79%H1 13.54%.3X & Al
JEAIHTES 10 RA T DASAP 83291 8 T A 114511 QoS il hy s AR (A 5256 v 2 0), 177 DASAP ik 4T
- BEMLIEEL QoS 44 41 RQBB #1 RQRB 7E5 2 L ANEE 3 DA A T B INAT:-45, PRI — 3 4 & B A AH )
) GR.Bf AT 2540 H 38 0, 58 22 19705 AT DA SR AR B SE 22 (4T 45 BRIL T VA B9 GR Bl A5 17 »5 B ) 386 g
.

K| 4(b)~Kl 4(d)'E7~ T DASAP 1 DALAP (] QBA. QLA Fl QLSD FEA {4 ANAE 3X & K K e AT A K M
QoS Z# Tt 751k, i RQBB F1 RQRB 11X J1L /7 [Hi 23 B A4 1 £ £ (¥ 39 hn iy # i H 4% eh (1) B 4(0) s 72571
MECH/NT 25 B, RQBB 1) QBA fRIFTE 1 AiAy X & B 764 s i > I, RQBB #8 GR A b i FE 11 22 H 4w i
LK 4(c)~ &l 4(d)mT LA H,RQBB ) QLA 1A 14 0,QLSD Ml —HE AR K. 2447 s HCKF 25 i, RQBB 1) GR
K TR 3 PR A 20 R AR 1R e A (L1 5 1), Al I, RQBB 1) QBA A1 QLA 311,17 QLSD AH 57 [, 1% & [
i RQBB FJ FH AT 4548k 11 1 57 (1% 7% PR T (R0 48 751 T BT U AT 45 19 QoS 4 il 9/ T QoS i Jill 22 Il [ 2 St 4749 mid
ot 25 LG, REEAT A8 ) BT A AT 45 I o) 2 SRR 75 58 0 5 I LA T 4T 45 111 QoS 45k B 5= QBA
X F 5 K,QLSD 24 0.%) T RQRB, B & #£ 5 2 26K H T Round-Robin J7 %, K it QLSD FEA{#F A48, 1 RQRB
) QBA 1 QLA “Z4L ¥ it K 5 RQBB AHIA].
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& 4(e)w7n T RQBB F1 RQRB [ f 15 i b A5 17 s £ H W3S I i 98/, i DASAP I DALAP [/ B i B
FEALRFF AR IR R A 2471 K R0 i B AT 45 0tk B 22 38 i, g T RQBB T RQRB K T s ¥ )7
5, U B I R AR Y OB B /N T DASAP Fit DALAP. [ 4(f) 275 T RQBB,RQRB Il DASAP #5.EL A7 8 1) 61
BIHE, T T DALAP AT 4543 L B FF L o] 1) 5 M 14 710 A b, S 00 6700 0 10 B 0 AR 8 T A7 287 S SR AR o,
7 A S B X R L5 5 A B R, A A Y a5 A A RS, DA DALAP AN R R IE R 5 1 £ 33 1.

]‘U T T T T T IGO T T T T T T T T T T
DALAP 10 HDALAP
0.9 2 : 1 & go IDASAP . |DASAP
£ ; £ RQRB % g | RQRB
E o8k 1 2 RQBB £ ROBB
o = 60 [ zZ 6l
2 07t ; 1 & > '
5 o6t DALAP 1 597 Y
3 DASAP w20 2 2
0.5 - RQRB = 1 2 ¢ & - -
0.4 L I RQI—}uB L 0 & . 1 1 1 0 A " 1 I 1
1520 25 30 35 40 45 I5 20 25 30 35 40 45 15 20 25 30 35 40 45
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S 5 — 70 e S8 — —
= DALAP E |6 | DALAP
S 4} DASAP d 65 F - e, T . z 14 DASAP
3 D o g =12 ESEE

RQBB = = r
B 3¢ 1 &80T 10
2 5l ] 251 S 8t
g - = 77 [ DALAP s 6F
= < | DASAP E 4l
g Ir 1 50 - "RQRB =
[} = 2+
< — .| RQBB Z e
8 0 I 1 i I I 45 I 1 1 I = 0 . 3 T ¥ ¥ *
o 15 20 25 30 35 40 45 15 20 25 30 35 40 45 E 15 20 25 30 35 40 45

Node number Node number Node number
(d) (e) (f)

Fig.4 Performance impact of node number
4 Y S HC T e
T 5 T 1 X 14 BE B B2 NG
AT T 2 S W 52T S T X RQBB,RQRB,DASAP Fl DALAP [ 5% 1. 525 o ] 2% powerSpan
FRFAT R 4 1 powerSpan 3K VI 250 S e 386 K B 2 WU S B 4 SR 5 .

M 5(0)~K 5(d)r] UL H,RQBB (¥ QBA,QLA Fl1 QLSD Bfi 5 5 st S k) M (1 188 iy ode 38 X & R K 1 1 7
o T PR 38 KA A5 12 W P AT 45 50 A5 932>, J3 LI B2 WA 25 14D 2 TR I T 348 2 RV 4T s IR S R R A T AR A H 2
R R A BE CR 4 ANAZ B i, RQBB F I HE N 14T 457 R N ] i 31 T QoS 3.

B 5(e) 7k T RQBB [ i 5 52 W& AT Ik /1N 3% A2 K] Ay B2 (KA 45 B AT ik /b AHE: DALAP [ 98 B 15 5 51—
HARFEAAE, XK DALAP HAT 8 2 1 Rk B 5(f) s TRE W AN RS 7,482 RQBB,RQRB F
DASAP # el R 48 B AT B 10 57 38 3945 th - F RQBB Al RQRB 3K 1 7 3% 467 )7 25, A1 45 2R 4838 B e I (1) 11 3
. 7 DALAP B S84 P (¥ 19 00 A0 45 P8 i e 14071 A0 S 2800 1 Pk e 22 1 3 s A AR A, DR 9 R e g e
5%, DALAP 113 R G011 5 3 AN 1.

A IH S R WIS S SRR X RQBB I8 S {575 GR & N %, {2 QBA,QLA 1 QLSD X115 5] T M3,
I HAEA B RF A X W] RQBB AT 1R % 1) 3 M 1
4.4 EEBILH RN

R T — 4 S5 R 2T 481 3 % RQBB,RQRB,DASAP il DALAP [ 520, 4T 45 1k AR 43 56 F
IR, FRAT T 5% 3K 6 5 vk A i ) 3 6 % PR [ ). 532 56 v FH 24 baseDeadline 238 445 85 11 1, baseDeadline 3%
K IUAT 45 A 0 B3 K, s Sk /I 51 56 485 SR 0 P 6 T

4.3
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K 6(a) s, 44T 45 B RS AT BT 77510 GR #2386 0.3 2 DR kAT 25 F e 1) i 4 AR 45 v # RV AT
8578 11 1 K5 A 4% LA 4 22 1 4 TR IR () (EL 2 A 81 6(b)~ 8] 6(d) T LA 1, DASAP Fil DALAP J AT i 4545 1)
QoS HIZ I FE 1R, BT LUK S R AT 45 () 2 PN B TR B YR 9% 17 B ,RQRB #EAT 5 B 1L P9 78 20 R T I 22 A B
H], 52 5 T 2511 QoS Wi ai. Bl 6(b)~ &l 6(d) i~ T B # ik 3 ¥ 3% 111, RQBB 1) QBA,QLA F1 QLSD B2 3.
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Fig.6 Performance impact of tasks’ deadlines
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4.5 fESRIE X MERERY R

AN AN W 3 — 20 5296 W B2 AT 4% ki ) RQBB,RQRB,DASAP FI DALAP (¥ 5% 1. 5256 o FH 2 3
baseTime fCFAT45 If14: 5 ,baseTime 3 K, WUIMT: 2540 5 48 K, S 2, U9/ SE 38 25 R i 7 frow.
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B k> T RQRB 2K A 461 J5 v Sk $2 | 145 QoS, 1 % 13 25 AT 45 2 1] 1) 22 5, IRl 1K, RQBB Lt RQRB R AT ¢
iR QoS 3.

1.00 - T T T 90 T T Dx’\‘[ AP T 12 DAIL AF T
95 . - : AP
5 o & 80 DASAP L 1of DASAP
2 090 £ 70} RORB - 1 @ RORB
E 085} g £ g
g z 60} RQBB 1 5 8¢ RQBB
5 080 5 sol 2
s onl 2w ' [
& (65 [DALAP 2 304 * 5 4t
3 0.60 DASAP w 29| s
YU RQRB el & 2. T
0.55 - ROBB -4 ©10r " i <
050 1 1 1 L 0 s 1 s — " - = - 0 1 = 3 = ¢ =
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
Base time Base time Base time
(a) (b) (c)
= =
2 5 1 T T ; 75 T r r r 2 30 T T T T
E " [ DALAP — 70 [ e DALAP
Z 4 | DASAP J &L e 3 25+ DASAP
2 RORB - ok = RORB
2 .| RQBB g 2 = 20F RQBB
o J[ [=% 55 i =
= 2050 ERERS
g 5l = i 8
= ¢ S Gl DALAP Z 10}
2.1 " gs 1 DASAP 2
2 e ROQRB = 5r
@ " 9 ——— 300 ROBB g B
5 0 ' : & L i ...5 i i y i :E “J x e e . X
1 2 3 4 5 6 1 2 3 4 5 6 = | 2 3 4 5 6
Base time Base time Base time
(d) (e) (f)

Fig.7 Performance impact of tasks’ granularity
Bl 7 RS8R0 X Pk RE 1Y 5 R
P 7(e) S s H 2200 B2 1 DK IS T A 77 325 P 0 R i R 98 T 3K 5 PRT A A 95 B2 ) 89 DR A A5 55 oA SEAC R 3
AT I )RV G bt RQBB A H T J0At 77 vk B 7(F) e TRV AT 45 K8 R £ A4k, /H RQBB,RQRB Fil DASAP fifi
FRGE IV B 5 B FE AR FE AN AR, T DALAP A 5 45 16 1 FE 95 RE AR AR AR K
A SR AT 550 TE — AT A A, B A R SR PERE.

5 HZRRT—¥IHE

ARSCHRE T — O S A AR I 4 PR AR 0 I A S A AR Y A A G T R ) R ] B A S B A
QoS il A AN M I B BE A AR ZA AL b A B TR S M g 5 . AR E IR AR AR 2 B A A A e T —
A0 3 AN BB E S ——RQBB. 28 1 25 AT LUR FHATAT 5L A S 32 1 8 3 50925 DA A2 AT 45 AR I 1) 325K A oK
WS T RGN RIG MR PR A SR R R B 10 DASAP Sk 5 4h T RS R RS ——
MQB #1 MSD, 73 5l HI 7 RQBB K45 2 S MI%E 3 25 . MQB J& —Fh A 50 AF 15T 20 W 7E [/ — A3 - AT 55
B AR =1 QoS e AR /N1 QoS L) 1) 22 7, [F s A1 4 by 3l s T = 3 AR AL 1) 8. MSD 450Vl 1ol s /A4 A58
JSC ST ) PR 4 22 R T8 B 2R 48 1) SR B T e BRI R B () 52 5 6T RQBB,RQRB,DASAP Fll DALAP #4T T
Ll st 25 TR W, RQBB [Pk g A 1 I Ah 77 vk, HAT R 9 0 3 3 A SRR AR PF JC 2 F R B P (A 5 b 3.

© EERERSEITON  hipy www. jos. org. cn



RIRAL S EBRA R AL ARG T LAE SRR AR 777

NSRRI B /E RQBB SN SLAN b R T 25 AT 55 B AL BN (] Sh 0E— 20 25 B AR 55
V10 O ) ) 2 ) 1 73 A P i) Ao 95 8] F5E S B O A 2880 365 — T 9 B X S I 2k vl 2R e 1K) A A P
KB e A G RS AN R FE B = B A 3t T A 55 ) PAAT I T, 25 RS o e 5t A A T S A A
1, [P I, R M H 1Y A P R 2 5 5 DU, B9 T 11 N2 PR A 552 31 SRS, AR e 1 s R R 26 02 R 8 0T 4.

References:

[1] Zheng K, Wang J, Huang L, Decarreau G. Open wireless software radio on common PC. In: Proc. of the 17th Annual IEEE Int’l
Symp. on Personal, Indoor and Mobile Radio Communications. Helsinki: IEEE Press, 2006. 707-716.

[2] Pyndiah R, Glavieux A, Picart A, Jacq S. Near optimal decoding of product codes. In: Proc. of the IEEE Global
Telecommunications Conf. San Francisco: IEEE Press, 1994. 339-343.

[31 YuNY, Kim Y, Lee PJ. Iterative decoding of product codes composed of extended hamming codes. In: Samir T, Mehmet U, eds.
Proc. of the 5th IEEE Int’l Symp. on Computers and Communications. Antibes-Juan Les Pins: IEEE Press, 2000. 732-737.

[4] Chi Z, Song L, Parhi KK. A study on the performance, complexity tradeoffs of block turbo decoder design. In: Proc. of the IEEE
Int’l Symp. on Circuits and Systems. Sydney: IEEE Press, 2001,4:65—68.

[5] Atdelzater TF, Atkins EM, Shin KG. QoS negotiation in real-time systems and its application to automated flight control. IEEE
Trans. on Computers, 2000,49(11):1170-1183.

[6] Qin X, Jiang H. A dynamic and reliability-driven scheduling algorithm for parallel real-time jobs executing on heterogeneous
clusters. Journal of Parallel and Distributed Computing, 2005,65(8):885-900.

[7] Garey MR, Johnson DS. Strong NP-completeness results: motivation, examples, and implications. Journal of Association for
Computing Machinery, 1978,25(3):499-508.

[8] Subramani V, Kettimuthu R, Srinivasan S, Johnston J, Sadayappan P. Selective buddy allocation for scheduling parallel jobs on
clusters. In: Gropp B, Pennington R, Reed D, Baker M, Brown M, Buyya R, eds. Proc. of the IEEE Int’l Conf. Cluster Computing.
Chicago: IEEE Press, 2002. 107-116.

[9] allee G, Morin C, Berthou JY, Rilling L. A new approach to configurable dynamic scheduling in clusters based on single system
image technologies. In: Proc. of the Int’l Parallel and Distributed Processing Symp. Nice: IEEE Press, 2003. 22-26.

[10] Braun TD, Siegal HJ, Beck N, Boloni LL, Maheswaran M, Reuther Al, Robertson JP, Theys MD, Yao B, Hensgen D, Freund RF. A
comparison study of static mapping heuristics for a class of meta-tasks on heterogeneous computing systems. In: Prasanna VK, ed.
Proc. of the 8th Heterogeneous Computing Workshop. San Juan: IEEE Press, 1999. 15-29.

[11] Maheswaran M, Ali S, Siegel HJ, Hensgen D, Freund RF. Dynamic mapping of a class of independent tasks onto heterogeneous
computing systems. Journal of Parallel and Distributed Computing, 1999,59(2):107-131.

[12] Beccari G, Caselli S, Zanichelli F. A technique for adaptive scheduling of soft real-time tasks. Journal of Real-Time Systems,
2005,30(3):187-215.

[13] Topcuoglu H, Hariri S, Wu MY. Performance-Effective and low-complexity task scheduling for heterogeneous computing. IEEE
Trans. on Parallel and Distributed Systems, 2002,13(3):260-274.

[14] Palis MA. Online real-time job scheduling with rate of progress guarantees. In: Hsu DF, Ibarra OH, Saldana RP, eds. Proc. of the
Int’l Symp. on Parallel Architectures, Algorithms and Networks. Metro Manila: IEEE Press, 2002. 57-62.

[15] Manimaran G, Murthy CSR. An efficient dynamic scheduling algorithm for multiprocessor real-time systems. IEEE Trans. on
Parallel and Distributed Systems, 1998,9(3):312-319.

[16] Li W, Kavi K, Akl R. A non-preemptive scheduling algorithm for soft real-time systems. Journal of Computers and Electrical
Engineering, 2007,33(1):12-29.

[17] Boyer WF, Hura GS. Non-Evolutionary algorithm for scheduling dependent tasks in distributed heterogeneous computing
environments. Journal of Parallel and Distributed Computing, 2005,65(9):1035-1046.

[18] Baruah SK, Goossens J. Rate-Monotonic scheduling on uniform multiprocessors. IEEE Trans. on Computers, 2003,52(7):966-970.

[19] Xie T, Qin X. Scheduling security-critical real-time applications on clusters. IEEE Trans. on Computers, 2006,55(7):864—879.

© HEEREETOR

http:// www. jos. org. cn



778 Journal of Software 4kfFZ4% Vol.20, No.3, March 2009

[20] Auluck N, Agrawal DP. A scalable task duplication based algorithm for improving the schedulability of real-time heterogeneous
multiprocessor systems. In: Huang CH, Ramanujam J, eds. Proc. of the Int’l Conf. on Parallel Processing Workshops. IEEE Press,
2003. 89-96.

[21] Mittal A, Manimaran G, Murthy CSR. Integrated dynamic scheduling of hard and QoS degradable real-time tasks in multiprocessor

systems. In: Proc. of the 5th Int’l Conf. on Real-Time Computing System and Applications. Hiroshima: IEEE Press, 1998.
127-136.

REBEE(1979—), Y5 L A AN 2R,
F2 BRSOk SR T B SN R AR

B A 2 (1961 —), 53, 1 4o 9% 1 A
Ui, 5 B T A A S AR B v
LR A

APHIFTET httpy/www. jos. org. cn



