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Energy-efficient Fault-tolerant Scheduling
of Parallel Applications on Distributed
Real-time Systems

Abstract

The issue of reducing energy consumption is one of the most
important limitations of the design of embedded systems, and for this
researchers introduced the technique of "dynamic voltage and
frequency Scaling (DVFS)", which is considered one of the most
popular technologies for reducing energy consumption. As this
technology works to reduce the frequency of the processor used to
execute the task, and thus reduce the energy consumed. However, this
downscaling reduced the reliability of the system by increasing the
processor's transient errors. This poses a new challenge because
reliability is a fundamental issue in real-time safety- critical systems,
and implementing unreliable application can lead to dire
consequences. This paper aims to implement energy-efficient fault-
tolerant scheduling for a reliable parallel application on heterogeneous
distributed real-time systems, where the parallel application is
described by a directed acyclic graph (DAG). To achieve this, this
paper proposes an energy-efficient real-time system tasks scheduling
algorithm while meeting reliability requirements (EESARR). To verify
the efficiency and capability of the proposed algorithm, The proposed
algorithm has been compared with the ESRG algorithm, which seeks
the same goal in a different manner. The experimental results confirm
that the energy consumption was reduced by the proposed EESARR
algorithm more than the studied ESRG algorithm.

Keywords :directed acyclic graph (DAG), dynamic voltage and
frequency scaling (DVFS), energy-efficient, fault-tolerant scheduling,
heterogeneous distributed systems.
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EtotaI(G) = Ed(G) + ES(G) (131)

: [4,5] Gine ddigisal Cana o e ST

R@ = | [ R0w > Reea (&) (132)

n;eN

:(Prioritizing Tasks) algall cilislsl saa5 5-5
a3 A aleall @liglsl aaas o (V) skl 6 AE Capag aud
dadail 3 DAG Lbis o adinal gilsiall Gubail) Algaal dage A0 algall iyl
alge lislel paas 3)ka (e Aiyla o iy Lo aag VL Alaiall e sa2aiall Cilalledll

gelall ol ded Aih i aleadl g J[1,2,4,5] Gl EL e Juadl
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rank,(n;) = V‘_/i 4+ max ){ci'j + ranku(nj)} (14)

njEsucc(n;

) sl ladiuly 1y degall WCET Tol) 3wl (o) Janigia 58 Wy Cum

: IS oty clallaal

Ul
Wi = (Z wi,k>/|U| (15)

k=1

poen i 513 . (2) S b aledd) psaad saelaill sl ad (2) ponll iass
Ll sty cpllaall 7y dagal) ol (Say Svie ¢ 1y Aagall bl ALl Llel)
L a8 s oS W1 1Y) Lrank, (ny) > ranku(nj) OS5 My 5 My Odega
) b R ny Aegdd) 3B ) (il e Ge Al My 5 7y On dsase
G Spkl) aled gapaddll 5ooLWY) Gin gl L Ganadl

{ny, n3, ny, ny, n5, M6, M9, 17, Mg, M1}

4] (2) J& 4 G sukill aled Ranku dad (2) Jsaal)

Task ny MNs N3 Ng N5 | Ng ny ng ng  Nig
ranky(n;) 108 77 80 80 69 63.3 42,7 357 443 14.7

: dgaasall Al -6

Glalaall 4 agall o)l alee Alpaa AlKGe Al Lol Gl o Jili e

U Aayylsal) Lgia (A8 gigall a8 Ble)pe pe A8l 584 Caagy duilatall e 32l
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saisall aleall cm n RSV Regall 3 he) b lganag clae JS o Basage (5SS
OIS Jla & lla iad dasiall daa) Al QAY mllae e aling Uil adlaall 1]
o dage A1 20 ga) o Ly (Slel aesall gn Ll e S el
Loadles o din Uad g Jla 8 adl ale cildl gl aan ¥ of oo clals cmllaad
(ladisi salel) dagall odn slajind oWl Loaf Jis Uad Gaasy o)) 4ild L dage dyiti o Wi
i) 2my Jsedll e ahasinly Lo o AT mllae e mlladl i e 2lgm
[24] & sl a8 dulaial e samiall Glalled) ) Lemey dadyall algall
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tomalad e st ) st Ausladial) e 303l ciladladl)
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b8 e ABeY) Ledl e (Gukil e Agglladll Adgsall Gaad Carg JaeY)
ol 13 sae sa sl 3 1[4,5,13,14] 3 deia) Aiadl 3sY) clalal

(e el JSh Aol adll Sh daldl ol cluhall ge (SO el [
Ol Gy Aladl ol (& cdga))lsall 20 Clshd e Bshad JS (A ile e Sy
Gy e 5l Agdgisal) Cooa (Bl pe 020 il CHlSH) gl Gl Y 8 Gl o
Gaiad Japdy ot A8l Dlgind (miad o Gulll (e dgslaall L0l B3 olé
a8 L[2] 8 dsgshaal) Al 3hsY) Glahall sda e AR Hedl e o el 2l

e Ciny b Jaabe JS allis g il
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& ey Ja) e 1(prioritizing tasks) aleall bl aaas & A1 dayal —1
Lad Al upward rank value gaclaill il dad e 408 aladiul
Mise Leayiy
:(allocating tasks) duilaiall ype clallaall ) alead) aln) o sl s pall =2
toie b illin ) Lpamnd (Say Aayall 028
S ldlie Ba3 4y Gy Aagad) 2810 anlial) lleall paas : JY) Al @
P PPN AT
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y-1 IN|
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Ryoal (ns(y)) = (16.2)

S clllie (38a3 dage JS o Ll Ldege JSU Badaill A8 gisall Caaa Ji 0 colly
4] JSS kel A gige Caon (3iat oy Wiyl 43ld ¢lgie Aygllaal) 4 isall Caa
:ERSG 41ajl58 (b Auualival) A8l &INgin (aidds 3-1-6
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[4] sl A8 dsal) ) s S a1

Energy-Efficient Scheduling Algorithm ) 4a il (EESARR) 4 lsa =7
: (with Reliability Requirements

iddee o1 caleal) 08 (e AS0gtall ASalinall 28I 1855 52 Faa)sloal) o3a (se irgl)
ot po dhagyall ALl dajall dglall ddall el) ok Clapki alge dsoa
o sl clallad) A4y 8 (DAG Lbie DA (e Aliadlly 48051 dDlay Lo
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Ll oda el Cus byseiiall DVFS dus andis dajiall EESARR 4l
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:EESARR 414) 15 Jus 4011-7
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I Aage JSy Auals dpide Afgise (Y Gadall A0S 854l Ji EESARR o5
Baiad ol 4ae) lead) Ol Adgisall (e L palall eialdl (Gl dege IS e il
pler 0 Aage IS Aalall Al Adgisall Glua s W JSS (Gudall 48550 Cililhia
Adleadl P e gl LESRG 4 lsa 4 Aol dgylall alie JS5 Gudail
.Eq. (16.2) 4w
aga S (e Auslladl) Adial) Al Gmids Jslay EESARR Zuajjla of
Gl Aygllaal) ABLaal) feudl) Claag (mdas o ALl il se mpss bl
Aslgiall ASaalipal) Al 4paS aial dliasallyy clage JS Aalaldl 45500 485l
Gl 400 B (Gl aa Brdall alge il
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(e el o Wils deoiins 3 aaiill e il ady) AS0giue ASaelin

agall o Apgllaall Asall A8gisd) Aad (gsld 5l e ST leiddise dads

(3) sshall JEY) &y 5 (waslsi dla 3) R(NY) = Rgoa(ny) 3204l

) Adgisal) apd (3daS o 808 saals Aas d5ay e ) 3say s B 3
Q5SS dum (palie aallas e (pifilaie it HUEA) 2 dagall (e dyslladll

iddsall dad gold 5 e oSl maal) Gols lalian Al A8l ded

35as Jla ds ASlgiue ASualiny 38lh BueS aroal (lSLay cagall (g dsllaal

B S prane 05S0 O o chagall Afige hyd (Bia3 Bumg ddes

J8 cye A8l uall Aualial) 48Ual AaS o real Legli (pe AS1guall A ualiyal

ey Aaliad) clalled) aan Ao sl Sy sl e ol Bl daal
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Aatll) A8 gl ey o(2) Bshdll e SR Baal Al U8 (e ASIgnal
s Jla b Aagall G Bygllaall Aisal) A hsall Gad sslas 5f pn LS Lagic
+(4) s5haall JEl 2y pidall oola Jie asas

335 o 5 ¢(2) Bshall G mashe g LS Bamy A dlay) pe Jls B4
dad Sl s ) Aadl L) w o3) sekdll B zgee s LS s
) Al A8 fsal) Ly (Siay i 135 (3) 55bal) ) S5 AiSan 4850
Ba2aal) dagalls

ilaasiy dage JS0 AlLal) seeall 22 moat (e aleadl a8 Ladie =5
gl KU aaall sy Gaa) Al s eled gal) sl s ) cilallaally
(e Algiandll ASualipall 25l (R(G) JSS ) A8 5ise ¢« NR(G) dusilaal
CEq(G) Gkl alen uen U

:dajial) EESARR 4aj lsa jasi 2-7

14a ikl EESARR a0y jlid s b led (e yein
The EESARR Algorithm

Input: G = (N,W,M, C),U, Rgoa (G)
Output: R(G), Eqotal (G) and its related values

1: Sort the tasks in a list PriorityList by descending order of rank, values.

2: while (there are tasks in PriorityList) do

3: n; « PriorityList.out()
Calculate Ry, (n;) using Eq. (16.2)

while (R(n;) < Ryoa (n)) do

for (each processor u; € U and uy is available ) do
for (each frequency fj, ,, in from f} 14w and fi ;e ) do

® 3> 40 s

x o
Calculate R (ni s Upr(n¥) ’fpr(n’i‘),hz(n’i‘)) for the task n; and save itin n;
replica matrix.

# chose the one replica with minimum dynamic energy and reach reliability
Goal.
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9: if (R (nf, uPT(n?)'fpr(nﬁc),hZ(nf)) > Rgoal (ni)> then

10: R(n;) « R (Tl?c, upr(n’i‘)’ fpr(ni‘),hz(ni‘))

11: Eq(ny) < Eq (nf, iy, fpr(n?)'hz(nﬂ) using Eq. (11).
12: if (Eq(n;) < min_replica_dynamic_energy) then
13: min_replica_dynamic_energy = Eq(n;)

14: end if

15: end if

# chose the tow replica with minimum dynamic energy and reach reliability
Goal if the tow replica have minimum dynamic energy less than the one
Replica.

16: if (R (n?l-’-xz,upr(n)ic1+x2),fpr(n)ic1+x2)'hz(n§c1+x2)) > Rgoal (nl-)) then
17: if ( Ey (nfl) + Ed(nfz) < min_ replica_dynamic_energy) then
18: min_replica_dynamic_energy = Ed(nfl) + Ed(nfz)
14+x2

19: R(n;)) = R (nf +x ,upr(n;c1+x2);fpr(n;c1+x2)'hz(nicl+x2))
20: Ed(ni) «— Ed(nfl) + Ed(nfz)
21: end if
22: else
23:  chose the one replica with maximum reliability value and set

u,, is not available
24: end if
25:  end for
26: end for

27: end while

28: end while

29: Calculate R(G) using Eq. (10)
30: Calculate E4(G) using Eq. (12)
31: Calculate NR(G)

riasiiall EESARR Guajjli Saasi dealdi saY i L Lads

Jaill Bl iy Gubil slee i EESARR Zuajjlid aséi «Jg¥) Jladdl & —1
! PriorityList " e ¢ led o 4l 3 Lias, rank,

aladly ) Sie JS ABLad) 2audll EESARR Jue s Jias (28-2 sl 3 -2

A Jaaliil o) o canl dng Sl . Gubail) A8 pe e (Bad Cangs )

35



de gl aall 8 gl Aadail 3 A ) giall clipdaill Jac Y1 ae Aaebuia s 48Ul 5 48 g0 4 s

Gadaill alea gsai ) PriorityList Zal s alge d5ay e Gindll 23y :4-2 5Ly (1
gl dad Clua ey oS Aiie Aega (sl s dla (B sV G Aally
-Eq. (16.2) dalaall DA e Ryoar (1) degall (0 Aysllaall 255a1)

Gl A ige Japli Aad pe Aladl) Sdaill A 450 A A)lie 515 el (2

dal e cdalial) clalled) apen e el & 7y dage IS Jal 00 :8-6 Ll (3
o dagall igige lua Sy clgaeyy Al Qi maa o gl ol llaa JS
= U dage S dala dhias e Agisall dad ()0 aly OSae 2355 JS5 gllae
replica matrix

Ljd Biads ASlgie Al Al Ji ella ) dsdl) ladl S5 159 Skl (4
- Gadaily Aalall A8 i gl

Jls) Sy creplica matrix ddgadl jable e ol Ay 21216 ka5
S oe Sl ) il Al disey ASlgine Al dla 8 Gl ol i)
Ofiaal) s 8 e ASlgiua) ASalall A8l ¢ ganas (Aagall Agise Jayd (g5l
Ja ) slaal suall daud) J8 e iSlgheall A€l Akl 4uS (e JA
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Gkl il Sl 2aells lersen Gubill alee Ji e Al KD ASaaluall
il dBleal)

BSlaall B asdicall (gjlsiall Jabadal) ¢z 3gai —8
WS Gl e i) Matlab 2015Rb 64bit zaliy il 138 3 Lieadiu
ples Alsan Bpa)lsh ool ail Chagyy clendlis Jilaty dafiiall Sl )l dee 51Slaal
Oo aulal 23l B st canll s dagia) dojlall sl el ol
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