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Abstract In this paper, we study the static task scheduling problems in distribution heterogeneous computing envi-
ronment such as cyber-physical system (CPS). We present a list scheduling algorithm named improvement heterogeneous
earliest finish time (IHEFT) algorithm for minimizing makespan of the precedence constrained applications which can be
modelled as a directed acyclic graph (DAG). We acquire a better task list by changing the task’s upward rank weight
calculation method in heterogeneous earliest finish time (HEFT). In IHEFT, the different computing time not the average
computing time in each resource is considered for each task when calculating the upward rank weight. After the priority
list is determined, tasks are assigned to the resource based on the earliest finish time first policy and the precedence con-
straints. Comparison on performance evaluation using both the case data in the recent literature and randomly generated
DAGs show that the IHEFT list scheduling algorithm has outperformed the HEFT, CPOP (Critical-path-on-a-processor)
and LDCP (Longest dynamic critical path) algorithms both in makespan and scheduling time consumed.
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Fig.1 Taxonomy of the DAG static task
scheduling algorithm
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DAGP (Directed acyclic graph that corresponds
to a processor), 7&K DAGP b HEAT SC# % 1%
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Fig.2 Example of directed acyclic graph
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Table 1  Execution time of tasks on different
resource in Fig. 2

Task T1 T2 T3
1 14 16 9
2 13 19 18
3 11 13 19
4 13 8 17
5 12 13 10
6 13 16 9
7 7 15 11
8 5 11 14
9 18 12 20
10 21 7 16

TES 1. KBRS fa) R, BRI AE 55 (0 Ak B
ST T8 A2 S A1 FRO PR Ay Ak B ) R A B 12 -

VTjVTk (atz, (wi,j < wlv,k) — Vt“ (wm» < ’Ll)@]f))

AR ¢ (AT IR 4045523 ol ik
pred(tl) = {tj ‘tj S T, €ji S E}

SUCC(ti) = {tj |tj € T, €5 S E}

NIEESS IR N tontry, RS HIEN toxe, I A:
pred(tentry) = 0, succ(toxis) =0 .

W — AN R R A AT IR A a4k, AT
ZW AN TUAES. W — DAG fFEZ DM ANTT AT,
AT LR — A BRI O A0 L8 DAG 1)
ZA N ST, AT R ) T TR R

5 [ARE, WRAFEZ A O Sl DA e — AN
U 5, R E ) DAG JEERI H 5 55
() ) 4795 A, e AT 2 T A T WO RS %o & IR
FAELRIE DAG HAT— M B 50— A
i1 Ab 2.

1245 ¢, LE0EUR vy LIS IR R I T IR K

EST(t;,r;) = min{T |7 > max

tm Epred(t;)

(AFT(t,,)+
)y il 7,7+ w5 | (1)

Ho, AFT(t,,) £AT5% t,, FISEPRE R0, 2 ¢,
SBRHEESEIE Dy B e, = 0, I L, = Cms
idle") [, 74 w; ;] ARV vy FERTE [7, 7+ w; 4]
TR B LS8 T TA)

EFT(t“ ’I”j) = EST(t“ Tj) + w4
EST(tentryy/rj) = 0, T €ER

R TR WML FIE TR DAG 19 A 2 — ML
FORU T RRLSE, i LR, /£ HEFT
R Ry A (1 R A WS

rank,(t;) = w; + max
njE€succ(n;)

Hor, w; = Z;nzl w; j/m Lo B RA, X
A TP 22 A0 BRI TA) H 5 AT BUCEAAAE — 52 ARG 1
PE, ASCET AR A5 5 h

(cij + rank.(n;)) (2)

ranky,(t;) =

min = max {ranku,(ty) +w;; + ¢, }
r;ER tEsucc(t;) ’

Tankyp (texit) = MiN Wexis, ;
Tj ER
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0, r;=pred_R(tx)
H A = J
B ER Sk Cik, HiAth ’
pred_R(ty.) 18 SCILE 3 2.
E X 2. 12 8 B AT RCE I, A

B B /N 1 B8R FR N AT 55 1 T4 I BE UL
M pred_R(t;) #ii&, W R H ranky(t,r;)) =
maX, esuce(t;) {Tankup(tk) + w; ; + Cik} b AT 4%
ti RS r; B EATAUE, 4 pred R(t;) Wi AL:
Vr € R i ranky,(t;,pred_R(t;)) < ranky,(t;,r)
AT

TE M 3. A5 52 B Ak BB i 16 5 (1) 05 U AR A 1%
155 IO BE BEUE, AEAZ DR 1 A PR RS ok I TR B Ay
T JEE I 1)

A DAG BB RSKEA makespan, BT
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makespan = max {AFT (tex)}
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Fig.3 Procedure of list scheduling
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BEME A (3) .
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PELE By, DA THEFT 5035 v ad i SR HI BA 41 Rk
PR A3 S5 T ST R IR L S R BA . %
BAZ N AT 55 TF4R, A2 BT 55 1 S5 DR AT 55 1
TEAZAE S5 AT . 42 BOZAI I e RSS2 (3)
TRAAMES N S PATRGE. &)n, s BATRCGE
4 B P HE A R AT 55 L S R BA A, T 2 P 4
.

ST 2 Rk 1 %R DAG VAN AU L
TR NS 3 R, 3RAFH RO LATAUE 5, 428
AT AL P 8 2 IR AR 70 s PR T BE U, RS
FHTRI = 269 50 22 AR 6, A = 4k st AH =], )
B LA 2 MY

3 o BC BEUE AR R], 220 PR O SR8 TR
TEAS LA R vh ST A0 22 1) B 22 5 3/, o4 S vt
HIFH 2 b (Communication to computation cost
ratio, CCR) KT%T 1, b 7T WLIEAF I8, 155
) T3 WO 30 [R]— BEUA. o B Y ) T3
Y5 7 Jim AR Dy A A5 LAt B U5t P T 20 I 8 9 AR

Al R4 EATBCER VS AR R AR
FATRUE KT T 4R R AT
b, AR LTSI B R A, AR AN R
FEILPTAT HT IR R AT IR

% 2 IHEFT SikZ0R0
Table 2 Key code of the IHEFT
Algorithm of list scheduling

for each task f in the pQueue
t.Ft = maxValue; // Ft is the finish time of ¢;
for each resource r € R
st = 0;
Si=0;
if t = f_entry //t_entry is the entry of DAG;
st = 0; ft =st+w(t, r);
else
for each task tk € pred(¢)
if thsR =r; //sR is the selected resource;
stt = tk.Ft; fit=stt +w(t, r);
else
stt = th.Ft+ c(th t); fit = stt +w(t, r);
end if
for each task tr if tr.sR=r
if (stt<tr.st— fit >tr.Ft) = false
stt = tr.Ft; fit=stt +w(t, r);
end if
end for each
if st < stt
st = stt; ft =stt +ft;
end if
end for each
end if
it tFt> ft
t.St = st;
tFt = ft;
f.resource =7,
end if
end for each
end for each

%3 IHEFT TR & AT BUE KR I

Table 3  Task’s rank,, weight and sequence of IHEFT
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Fig.4 Diagram of insert scheduling

HEFT S0 r:

FIB 1. VLA ZBAS] pQueue, FRE:BAS
HRAREANMT 55 1) 5 40T 55 B0 AE 24T 45 BRI T

LI 2. N (3), % pQueue H T
HAFAATSS 1 P AT

FUE 3. LM EAT AU 1 % R R S
UNZIE

T 4. IR ALH X FIF DAG B4R
MR SEAEAMT 55 10 28 38 050 0 08 5 I i)

SR SR D IR 2 AUE IR 4, HAWACRY R
2 FF 4.

# 4 THEFT 50 9550

Table 4  Algorithm of priority computing in IHEFT

Algorithm of computing rank_up
for each task 7 in the pQueue
t.rank_up = maxValue;//maxValue is plus INF
for each resource r € R
rank_up = 0;
if t =1t _exit //t_exit is the exit of DAG
rank upl =w(t, r);
else
for each task tk € succ()
if pred_R(tk)=r
rank_upl = tk.rank up +w(t, r) ;
else
rank upl = tk.rank up + w(t, r) + c(t, tk)
end if
end for each
ifrank up < rank upl
rank_up = rank upl;
end if

end if
if trank up> rank up
trank_up = rank_up.
pred_R(f) =r; '
end if
end for each
end for each

] THEFT Skt 2 Fs& 1 8 s AT
WA L 45 R 5 LDCP k. HEFT $3k
SRAGR Y BE G5 SR 5, = Fh &7 A A 8 BE I A
], MR AN 5] (R U 7 A2 1R 5 48 R [R], A ST B
PR B 25 Y makespan B/, TR
Ut

PRI
4 plaslasditiat izl

% ORI
2o Qs S s S At

20 25 30 35 40 45 50 55

K5 LML AHERE
Fig.5 Gant chart of scheduling result with

60 65 70 75 80 85

different algorithms

2.3 IHEFT EX4aE0H

BT R MR B RR R 2 B LIS, HEFT 509
H1 CPOP HEM A A O(m x ), Horp
e 3 DAG HILIIEH, m J Bt EEE, M DAG Hil
AN, HEFT HyEM TR E 22 E 8 O(m x n?)ll,
LDCP i [a 52244 O(m x n®). THEFT $32%:
(BT TF) 52 2% 8 32 S A AT BT R 8 R B A
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LT PG O(m x e), IHEFT S5k i w2
2PN O(m x e).

DAG A AAT45 R BE 0] U2 NP ) /. 26
BOELEHE P B Be B B A R s B, R i AT 5%
Ao Meeh HARGEIR, DI HE P AN ER IR, 1 4% e
FPAAT 55 ) BLZh BEIR IS, AN e A S 20 BUAT 55
XoF JiF T AT 45 14 2 5 5 0, SR A5 5 U0 1 P88 Wt e ot
Jet R 2E B AL, %k HEFT Wit 8 BATRL
FIERE D, B, BRI SRS 4R R
AR — PR AL BRI D0, T A 1 e
TF; JLOCHE i oF 5 T8 525 8 B AR 2 e 45 I
AN, 102 A0 AT 55 16 DR 5L PR 1 2 4k N ) >k
& il (2) Prow, i w; = Z;nzl w; j/m,
AE THEFT rhocfHCghAT 780 % 58, Wt (3),
BV sk o 43 G B M o PR Y AT, DR R
fifi. {HETe A& HEFT 8¢ IHEFT LA I A 1t At
Jet R 35 1 v B0 A R ff 5 At e A0 1) U R ot

2.4 AERIEEZEFLE

Jed R 2 Y B A AT X S g Kb B R B 0
) 850 22 b v b i — b, DR L] A sz BT Ok
vE. T DAG IR E NP a8, L iR 1)
R AL, R IR R SR O i % ) )
WF9T07 1), W GVNSRY, H2GSR2Y, PN22I BOANT,
ATSESl TCSADSE &5 AR 40 B 1 42 46 % J LK
FERHT T e e be i, PRI 5.

WL 5 i b el L e R e U R Sk TR
HOR S, WS EAR SRS iR Z M A,
TR RE Rk — R BRI SRR A, Bk ]
RERTF AT I 45 . e R AR B FVEAN T BN
S8 MR e R VL T 2 P S5 sk
BEH AR SR POFEIBSE . E CPS Ab3 PR sE
W RS — R BRI, TR R R BTN
W AR G SRR BT AR, e kA
VA BE S T e o S A 2 T 5 AT — I HE
Fe, RS RIR L. RS2, BERERIHER
RAE CPS N P HAT RS, BARIRTF IR FEAS
SRR UT I, AR SCRR . CPS FREE T

e NGB H SR ANH 5 1, PR T 55 1 Ak BE A g 9k
[ 5, 1A B A RS R, R B AT BT (1) 4
PEA AR FE ), AR R S e A T SR
T A AR AN S M T AR R R RS OE IO R i 24,
3 EEATWAH
3.1 SRIRINE

Hir DAG Sk AR RTS8, 3Gk [26]
LB 408 BasyGrid [ W RAT 45 JE 45 22 1. H
B2 4% T H H oy IR 6 A TF . AR oT 75 2, 3R
filfEnet FE& FH C# BESTTRT —DNETEN
DAG W E i 2 V-4 DAGScheduler, % V& HHH
4 FhFRH L, K 6 frow.

15
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1<l [ m ]
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6 DAGScheduler Ft[H
Fig.6 GUI of DAGScheduler

DAGScheduler E 4GRS T DAG AEplibib, wf
CARR 4t F P 1) 2 S 2SR B ML A2 7 45 225K 1) DAG.
oA R A T SRR REXT LL A AT A w] LA
W R L 2R KR DAG [FIREAT 2 R VE, 3%
oG AT EE A0 BT () I AT LUK &5 SR S AR N
HARE AT T I, ASClE % &% THEFT
¥k 5 HEFT. CPOP M1 LDCP 8T 7%
AT
3.2 BHREEWNE

AR SO A DU P SEEAEAN R ) DAG B A2 1
R BE G R AT ROR LA SRR RE 0 . IR AT 55
HAEER DAG M HA:

%5 DAG BB

Table 5 Comparison of different scheduling algorithms
FRIEY R A5 TP IR BakmA  mAME GEEE WASHL EGH DAG
JHRAFMES: HEFTE, CPOPE!, IHEFT, LDCPE! S/ 7 143 i 7] 1% i ¥ A
ST S HEFD!4, MDM-TDI2%! SEHEF TR T i i % T CCR BX
BT AL 5L GVNS[0 H2GSE PN[22] Yoy X 350 PN i pii EZ20 ol
oAb aE Rk BOADT ATS [23]) ICSAS] %% Se e UN (=1 pi 2 ol
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1) FESAE n, IR DAG BT RAN 4L £ 3. n = 1000 COCR = 2.5,
2) TIEAEL m, BIALBRIASE P A7 1) B IR AL minprocTime = 5, maxprocTime = 50,
)

3) BN AR K mazOut Degree;

A) AT55 A0 B E IR e /N Ak BT R RT 5 KAk P S
[#] minprocTime, maxprocTime;

5) WA L] COR, RIV-34 30 T[] £ -1
BIvH T R 2 B

DAG R HM R L S8 SLR
(Schedule length ratio), speedup LA S LIS AT
R, Hod SLR &R

makespan

SLR =

4
min {w; ;} (4)
t; €C Poin T €R

Hort, O P 18 9 BFAMES Y RUEE AT /T ST
SIS T PR BE SIS BT 8 5 (R O B 42 A 5571 e 1

4. speedup THEATT:
iy { v

makespan (5)

BRI ZAh, ASCEE T — ML (BestRa-
tio) ML EIRIR. FAETRIAT N U5 2R
P RAF BN makespan IIREIBRLL N
3.3 KEWELERITEE

Af IHEFT. HEFT. CPOP 1 LDCP |
R I3 IHEAT T DU AN ] 1) S 56

8§ 1. n = 100, m = 10, minprocTime = 5,
mazprocTime = 50, maxOutDegree = 4, CCR
€ {0.25, 0.5, 1, 2, 4, 8}, HHT 100 L5, HIBHAL
AR 100 A~ DAG #HATIK, SRS SLR. speedup
Mt L I ECAn ] 7 (a) Pros. 380 S2 86 0) Ly iy
IHEFT 3k431°F¥ SLR th HEFT /h 1.2%. [
CPOP /) 8.6 %+ tt LDCP /) 1.7 %; V¥4 speedup
tb HEFT K 2.4%. tt CPOP X 9.3%. t LDCP
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