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Abstract

This paper introduces techniques in scheduling jobs with dependency constraint to proces-

sors whose available time are fragmeﬁ o t|me slots. We discuss two job dependency

patterns — tree and cham5-ﬂ§ﬂ@c§‘ that it |s S L,Z? to schedule jobs with a tree de-

pendency pattern. T@‘We propqﬁe:a dyn algorlthm to get the optimal

schedule for asl{raﬂ’ng jgf vith lir H"{}He dy‘F@,mc programming can be
20 i ce-like dﬁ?@]o%my structure. In order to

generalized to.@te.
hree diffe Hf’f-(leunfllcs Experimental re-

reduce the tnﬁarof schel
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Chapter 1

Int roduction

(il WA= e
Grid computing is an n’qpolrtant mef&hanlsm.‘ftﬂ utmi'rng’pomputlng resources that are
H 1

“into an“mtegrated service. Specifically a

distributed in dlfferen"&loc;;rmons
2

F o __-—
\‘Lﬁsers in dﬁerent locations to utilize

the CPU cyclebof Feﬁil,o sites. iti cé%s-'r_mﬁbrtant data that are only

available in c?rtam Iocéltlons, [ vérheads of re Iicatingrthem locally. These
b | ' ™

services are provided m, 'Which helps users access
| -

resources eaLSI_Jy and e {. v r_,_,;

o 7

performance, therefpl;E ‘the qu lity of ice experi nced by G—hfd users is of secondary

'.- |1| |
consideration. In order to mﬁrove‘qyahty of stervlce;%rlousxschedullng techniques have
.-!'
been proposed, including aelvance reservatlon of resd_urces

J'.F_-‘.,.' o 8 e

Advance reservation of resources is one mechanism that is used to satisfy the quality-

of-service requirements in Grid systems. Advance reservation is the ability of Grid sched-
uler to guarantee the availability of resources at a particular time in the future. Advance
reservation increases the predictability of the system in order to match quality-of-service
requirements imposed by users. Although advance reservation has such benefits, it tends
to fragment the available resources and lead to poor utilization and system performance,
which should be taken into account while we apply advance reservation scheduling tech-

niques.



Another factor that should be taken into account while schedydib in Grid systems
is autonomous site policy. A Grid system usually consists of autonomous sites, and each
of them have its own management policy. One important principle of grid systeoitis
interfere with local site policy. For example, a site may determine that it will only provide
CPU at night and reserve the CPU during office hours for local users. The global grid
scheduling must respect this local policy in order to maintain an integrated image of grid

services.

Advance reservation and grid site local policy will fragment to available time of grid
services. This paper focuses on tttﬁmporal con‘straintby which we mean the available
time of resource is not contlnuonL{sk nl1 time dqmaln Rather there are time slots that we
cannot utilize due to adva:nce reservatlon or Iocal pellcy As a result our scheduling al-

gorithm must take tLth‘temporaI constraint into conS|derat|g__)Jof,—and develop new algorithm

—

f“‘-—-i“l

Jap?nﬁs

of jobs is scheduled to fumand f1h job gannot start until the— 1-th job finishes. This

il s [ ) . e 1
without assuming that the resource is,available a\]all timey =

As for job characteristics thl ov|| jobs with lingar dependency. A group

linear dependencj?éllo\zys the logical consequ ne of the éémputation. For example, a

computation phase canrot staft until the prepro% sing finishes; or the data cannot be ren-
SIS | .
dered visually untiliall the pixels aregiven the'correctivalues. The scheduling problem for

linear dependency jobsiis véFy difficult even W'rthout témporal constraints on processors —

itis shown to be an NP-complete problem by Du et-al. [1]

In this paper we proposed a dynamic programming algorithm for the scheduling prob-
lem under temporal constraint. We also propose efficient heuristic algorithms to achieve
good solutions. Experimental results from the heuristic algorithm show that the proposed

heuristic algorithms is scalable, and is close to the optimal solution.

The rest of the paper is organized as follows. Chapter 2 reviews related works on
scheduling problems under other job dependency constraints, and works under tempo-

ral constraints on processor clusters. Chapter 3 describes our system model in details.



Chapter 4 and Chapter 5 describes our dynamic programmingitalgoand heuristic
algorithms for the scheduling problem. Chapter 6 gives experimental results and demon-
strates the solution quality by comparing our heuristic algorithms to the optimal solution.

Chapter 7 gives conclusions and discusses possible future works.




Chapter 2

Related Works

o M ACI T
Scheduling job for exeqlutlé)n fop.pa;allel anﬁ-ldlstrlbﬁ;ed d.systems has been studied for

m General séﬁedullng problems on multi-

For ]

years and proven {.o be ayvery diffi

processor system'have be

o
processors witH‘ide_:Eﬂ_i;: ing. i , *a;{aendency between jobs, the

problem remains NP-complete b pecial cast of 2- partltlon problem [3]. Du
et. al. [1] pr'gvles that even fo mé‘cal[;'lcny, the scheduling
problem remalns NP-h been p,rqiposed to achieve bet-
ter performanc.e fo'r sch erogenéeps distributed systems
Braun et. al. [4']"Z:ompates h_: . ___1 erenrheuﬂstlc algorithms for this

problem under |dent|gal syst-e.m

l'ﬂ- — .I'- - _‘L'.:; :
Resource management policy is very importantin [meetlng QoS requirement of users

and achieving better performan-ce whe‘fil sc’hedluling jobs on a parallel and distributed sys-
tem. For examplegdvance reservatioaf resources is a mechanism that has been studied

in [5, 6, 7, 8]. Previous works [9, 10] also give theoretical proofs that advance reserva-
tions indeed improves the performance predictability. However advance reservation does
not scale well in these previous works, thus Castillo et al. [11, 12] uses concepts from
computational geometry to propose scheduling algorithms that scale well in large Grid
systems. Singh et al. [13] also propose a multi-objective genetic algorithm formulation

for selecting the set of resources to be provisioned that optimizes the application perfor-



mance while minimizing the resource costs.

Most works mentioned above focus omdependenpb scheduling, however workflow
applications have become popular in recent years because of the development of Grid
computing. A workflow application can be represented as a directed acyclic graph (DAG),
where the nodes represent individual jobs and the edges represent job dependencies. The
challenge of scheduling workflow applications is discussed in [14], and several heuristics
have been proposed and summarized in [15]. There are also results considering special
cases of workflow applications. For example, Kubiak [16] provides the NP-hard proof of
tree-like precedence const{?ﬂé't!n ;o{)w élﬂf{%ﬁﬁﬁlers having different capacity, and

I_ILL-I.

proposes an approxigl:ahon algorj’%tfm,for th@hedulm problem.

L

In this paper, ,y;é'consl er dulimiltiple h‘d!é*pendéi-qy jobs in a time con-
,r‘
straint Grid en@orﬁgn 2 bine the tem qm"t"s qi.servers with linear de-

pendency arrhmg jobs, ind pr nam :&ro ramming 'fbﬁlnc’&ng the optimal sched-

ule, and efﬁc{?gt heuristi Q@lr
, -




Chapter 3

Problem Description

.'.-31 ,|[_ .E' -!:.r fk.{. -
In this chapter we forma*ly&é'ﬁne{héi:system Btadel‘fd'rs‘f_;pedullng multiple linear depen-

dency jobs on temEe:"al Sﬂfvrstram{ gric _:E'?

that can run LQQS We
I indicates th-'q.,th _a_fm

(i, €ij), wheres” is '[he-}

of the available pemq& ¥
1 '.'- 'I

The system hasjdﬁ cham's’Hl,f- 3 H,. Ajo’g. alnHZ 1{'}@ 15> Jin, } iS@chain

'\-I "

of jobs that follows linear de‘E:egHer}y whét;ﬂs?e-mungrber of jobs in job chaifi;, and
J;.1 is thek-th job within job chain/,. The Ilnear dependency mandates thgtcannot
startuntilJ; ;_, finishes. We also usg; to denote the execution time job;. The system
does not allow preemption, therefore once a job starts on a processor its execution will

not be interrupted.

We summarize the notations used in the model in Table 3.1.



Notation Description
G the Grid systents
m the amount of processors
i thei-th processor
I available period set
I; ; the j-th available periods ofith processor
5i starting time of the available peridg ;
€ij
H
n
H;

ending time of the available peridd;
job chain set
the amount of job chains
thei-th job chain
h; amount of jobs of the-th job chain
Jij the j-th job of thei-th job chain
tij the processing time of; ;
S a sghed’ule IS iare

A ~lizhe
Table 3.1: Notatffﬁns usedifithe e system model

'l.‘ v, Qs — 27

"'-.

3.1 Schedule =

hx.' -;:-

.-: 1-.-::: Ll .-.
A scheduler a&sighﬁ“jﬁ ) S ' jolatingporal éonstraintsn proces-
sors andinea&(jepend Inc;zm | | W h only rur a job du'ring the available

. [
periods of a processo

job chain somsé'tir-ng,-b

to processors WTthelr aya ble ti

the total makespan i g fhe Un

'\..'E I"[

When there is only o_ge jO'b chqﬂin we can‘:aie a §|mp,Le areedy algorithm to obtain
the optimal schedule. We c0n${de je_agh 1(}l?mjpc¢prc}|ng to the order they appear in
the chain, starting from thé, ;. We choose the processor (and the time slot) that can
finish J; ; at the earliest possible time. Then since the secondjelmust wait until the
first job J; ; finishes, we adjust the starting time of the time slots that overlap with the
execution of/; ;, and remove time slots that end befokg finishes. Then we assign the
second job/; , to a processor (and a time slot) that can finfsh at the earliest possible
time. We repeat this process until all jobs are scheduled. It is easy to see that this greedy

schedule is optimal.

We then consider more general job dependency workflow. First when there are more



than one chain this scheduling problem becomes NP-completS&¢tond if the job de-
pendency forms a tree and processors have temporal constraints, the scheduling problem

is also NP-complete, as Theorem 1 suggests.

Theorem 1. The scheduling problem for jobs having tree dependency and processors

having temporal constraint is NP-complete.

Proof. This scheduling problem is in NP since a non-deterministic Turing machine can
guess a schedule consisting of the starting time of all jobs, and verify whether the job

dependency constraint and the prqcespsoriemporal constraint are met in polynomial time.

d
We prove the NP- cd.r‘np1etenéss of the S,ch?edullng groblem by red@egnagtition

j ==

rom | itH':aQ -partition problem has:
e

numbersn,, .. 'h-k, and w i 7 ritis possible to partition the

L

problem as follows. W es as inFigure 3.1. This

tree conS|sts’f malﬂ tinr'frﬁ{':'Tﬁése jobs will be

denoted to atht prs -Andifro 2ach of the ligh jib grev\mzavwob of execution

time mn;, Wherem_> Z Flg i‘E' 'ample of the constructed tree. The
white nodes are Ilght jObS W|th qucutlon tlm;aand the bla‘fck ones are heavy jobs with

execution time taken from tﬁbpartl Jen problem mqtan&e

We would like to schedule these jobs into two processors — séregd server.
Server2 has two available time {0, k) and (mB,2mB), and serverl has only one
available time(mB, 2mB). Recall thatB = ZZTI" which is half of the sum of:; in
the 2-partition problem instancé. We would like to know whether the jobs can finish
before time2m B, and we will refer to this problem instance As Figure 3.1 (b) shows

an example of the available time slots we constructed.

It is easy to see that if there is a solution fopartition problem instancg, there is a

solution for our scheduling problem instante All the light jobs on the main chain will

8



//Q\\
e
e
]

O\\ serverl

Time
(a) (b)
il o] 1S
Figure 3.1: (a) An ex pIé of thp dpnstrucged_}ob dﬁpggdeney(tr)sAn example of
available time under gej:glporal cor}strélnts o.nile two se?‘ve:rg_
L S . %{ -\.

—

be assigned to qlervér Thé

jobs and each‘-of tu_fn:.‘ "'f-h;t grow out of the main
chain will be %élgnedt eithers Cort i : Iutlonfrqm tRepartition
Fﬁ_
problem mstancésSl bers of two groups, each
e -~
has a sunB, the heavy sl.ots r-.,,

A
Now we need to sho

u|

=|-|.

n there?s a solution faf.

We first observe th that ﬂ% hea _j can fitiinto th ava|1;able t‘f‘ne int¢oval since

m > k, so the first mtéwal hﬁs aII the ightjo s :{hatl}é!‘so rﬁ\;ans all the heavy jobs must
go into the two(mB, 2mB) avallable t|me |nterylal§ We also observe that there will be
no precedence constraints among heévy fobé' [smce all the light jobs finish before time
mB > k, therefore we can consider heavy jobs as independent. Also the sum of the
lengths of the two intervals is exactly the total heavy job execution time, they must be

precisely packed into these two intervals. As a result we can use the mapping from heavy

jobs to processors as a solution/tol he theorem follows. [ |

In this paper, we mainly focus on chain precedence constrair.WilV propose a
dynamic programming algorithm to find the optimal schedule, and efficient heuristics

that find near optimal solutions.



Chapter 4

Dynamic Programming

.1 r - .r I’,r [-..;:5[. u;
In this chapter we prese?tolur dynarf:;c programming f5r§chedullng job chains in systems
g

e efﬁmen:g heurlstlc algorithms that achieve

that have temporal c-d'ﬁrst ’grunts th

near optimal sch@dule /

1.;I. 1-._::::: {_-:';‘P:.-
g s
4.1 Dynamic Rrogr =
~ &
= F

h phasé’"'the algorithm chooses
o By

f Fiar'eag,f of explanation we use

The dynamickﬁ:r'ogram |
one job and aa-ﬂb -irfﬁ'ﬁo
the current schec_iyleo

S ,to mo ' L;:g -

i
-\.' i'r.
.

will have as&gnedra]l.Job

We defineready tlmeFdr E}Job ch'aln andeag{y"ftlme ;‘iethencfer a set of job chains.
The ready time of a job chalﬂl,"deﬂ"e’tgd bﬁHIJ is fhe completion time of the last job
being processed in a job chain. The ready time sequence of the set of job chains is the
sequence of ready time all job chains in that set, and is denoted as (Ry,, ..., Ry,,).
Note that the ready time and ready time sequence are defined over the current schedule,

and will change after a new job is added into the current schedule in every phase.

We definelast completion timef a processor ankhst completion time sequenta
all processors. The last completion time of a procesgasshe completion time of the

last job assigned tp, and is denoted ak,. Similar we can definéast completion time

10



sequencas the sequence of the last completion time of all processors, which is denoted
asLg = (Ly,,...,L,,). Note that if we assign job; ; to processop,, in the current
phase, both the ready time of job chdifa and the last completion time of processpr

will be updated to the completion time of job ;.

Finally we define thdinished jobvector for job chains. LeV = (uy,...,u,) be a

finished job vector such that is the numbers diinishedjobs in job chainH;.

Now we are ready to present our dynamic programming in three parts — table element

definition, recursive formula, and the computlng sequence.

4.1.1 Table EIeTeht Defmlrtloh?g .
AT P ] -': " .:..I-—
We now define th table €l [ \gramming;[;dbe a last com-

dy tite sequence for a job
W

'H.rl
makespan for a last ¢
'l.._l
finished job vectoU B
-'l‘
a processor se}*,ls E((

the oﬁal m a glven_l?b chainiEdor

ofeveryprocessqrﬁs,qqere ). |neofeiryjob Osahd‘the"nUmbersofflnlshed
job of every job chamnu@ ’_L-' = ':CE_QZ-;:-u ic.d

B, ¥ E 2.
'- .i 1

4.1.2  Recursive Formula e g 0

We now describe how to update a last completion time sequépcand a ready time
sequence?y when we schedule a new job; to processopy. First we note that only

L, inLgsandRy, in Ry need to be updated, i.e., the completion time corresponding to
processopy, in L and the ready time corresponding to job in job chainf;. The new
value for bothL,, and Ry, is the completion time of/; ;, which can be determined by
assigningJ; ; to thefirst available time slot period, i.e. minimumsuch that the time slot

I, on py, satisfies the condition tha}; — ¢; ; > max(sy, L,,, Ry,). Recall thak,; and

11



sk, are the starting and ending time of time slg}. Formally we use:(L,, , Ry,, J; ;) tO

denote this minimum indekfor time slots on processar.

.T}(ka, RH'H Ji,j) = min{l|ek7l — t@j Z max(sm, ka, RHz)} (41)

We describe the reasons of Equation 4.1 as follows.

1. The length of the available time slot must be large enough to run the job, j.e,

tzg Z Sk,1-

il ol 1SN T 7
2. The starting time gf ](bbf'z 3 g:angrot be ear;uef"ft!haﬂ the completion time of its pre-

decessol; ;_; b’eﬂpause of linearde erﬁ-&ncy withi -E a }ob chain, therefore we have

R T
ﬂ-ﬁ | )\
3. We only}f:'bn ion/of i on procegsdhat areafter
o, the last com Ietlon ti > L”‘“"r;
L L i
1. ! s
After assrg‘hlng aj rocessor we need to update
Al _:.-.P r.ﬁ‘

the last compléiiorft’lme me of t[I?t job chain. Formally

after aSS|gn|ng 1gb]”
time L,, for py anct"ihe rea%t“

"" f"l

[* to denote the time slp-t mdex(L,,rJC., Ru.s ZJ)Eﬂpm Equapon 4.1. Then the starting

nﬁtz;; For ea'se of notation we use

time of J; ; will be max(sy, -, ka,,R;y)',hand-t?e pjocbssmg tintg;, the completion time
of J; ; will be max(sy -, Ly,, Ru,) + t;j. Therefore, we update both,, and Ry, to

max(sk,l*, ka, RH) + ti,j-

We now use a functiot’(L¢, Ry, J; j, pr) = (L, Ry ) to describe the new last com-
pletion time and the new ready time after we assignto a processop;, based on the
old last completion time sequenég, and the old ready time sequenBg. That is,Lq
and Ry are the last completion time sequence and the ready time sequence before the
scheduling, and.;; and R’; are ones after the scheduling respectively. The definition of

L, and R}, are as follows.

12



I = min{l|ek,l - t%] Z max(sk,la ka’ RHz)} (42)
if v £ &

! — va’

va o { max(sm*, Ly, Ry,) + ti;, fo=k (4.3)
/ _ RHU, I.I: v 7£ Z

" { max(sg s, Ly, Ru,) +tij, fo=i (4.4)

Now we describe how to update the finished job veti@fter assigning a new job to
a time slot. Note that in each round, we can only choose the first remaining job in each
chain to execute because of the Ilnear de endency, i.e.,Jjioks1, ..., Jnu,+1. FOr
il 5 e
example, if the remaining }xﬁ-v‘aél 8,0, chglﬁe-gan only choose joly 4, J> 1, Or
Js.3 in this round. The é‘?d‘re we djetm% an m@se by- %{gﬂoﬁ e) = (u,... u)

§ T Ve Y

as follows.
n 'r.Tx
(a5 o
o (4.5)
e =
] .
e = (4.6)
= o B (4.7)
i | ':inrl N I._-_ A
Now we prese;ntt imal m‘qﬂk;es;iéh fungtid, Ry, U)
as Equation 4.8. Wé:ponsid_g}gthe o't&ﬁ'all )eﬁibhams and all processors
L L] e

pr In G, assign the job tofh&prooé‘ééor and ch se o;lﬁ_?that will in term has the minimum
Fin, —
‘? |.|| "r-JL TF -l

makespan.

E(Lg, Ry,U) = min min E(T(L¢, Ry, Ji;, ), QU j)), st.j=w+1<h; (4.8)

pr€G i
The terminal condition fo#(L¢, Ry, H) is when all jobs are scheduled. Formally
we haveu; = h;,1 < i < n, which means the number of finished jobs is equal to the
number of jobs in a job chain. In these cases the makespan is the maximum ready time
within the ready time sequende;. Note that this maximum ready time is also equal to

the maximum last completion time within the last completion time sequépce

13



E(LG7 RH; (hb ceey h’n)) max RH = I}gn&x ka (49)

i<n
4.1.3 Time Complexity

We now analyze the time complexity of the dynamic programming. We assume that there

arem processorsy job chains, and jobs, wherek = > h;.
=1

We analyze the time complexity of the dynamic programming by counting the num-

ber of terminal cases. One can rthn}k o}the dynamlc programming as a tree where

|

E((0,...,0),(0,...,0), ((|)I,£‘|: 1) |s t,pe root aﬁld the. {‘érmlnal cases are leaves, there-

fore the time compleklty#% propdrtlon 'ff%number_@f E‘L]ges in this tree. Since the

number of edge{ in the tree i ' des and the number of nodes is

Oﬁ-a the—executlon time by the

'E_

~
quﬁm;igheduling jobs

|

We counttk 'the ntimb

and con5|der_L[r_1.e num tqemp}é:cion time se@uences
= 7

could derive. Sl-l-ncé ajo
'h-—

ssor regardless the position it

hus a glvé'h sequencehas a

total number ofn* to auocate'.afl Jops L‘stm ﬂ'l
et .L" - A
- = '.f- 3t
Now we consider all pos'sm‘)lejob schedullng s‘eqdences Because of the precedence

is in the sequenES Wé’hav >n. Choices

constraint on jobs, jobs on the same chaln must appear in order, therefore jobs iffchain

mustappearislike (..., Ji1,...,J12,...,J1n,...). Therefore we hav%— different
hil

schedule sequences for all jobsAh and the total number of terminal cases for&lis

mk k!
I bt

i=1

From the calculation in Equation 4.10 we conclude that the time complexity of the dy-

namic programming i® (n*m*). The lastinequality follows from the fact th f,’;ilnk <
1.

14



N2

kn(k') . n(k' <t B oty (4.10)

m

4.1.4 Generalization

Heterogeneous processors Our dynamic programming can be generalized to hetero-
geneous processor environments in which the computation speed of processors are dif-
ferent. We just need to take the speed of processors into consideration in the dynamic

programming algorithm and sllg_htfmog‘ify the.-ﬁeJnltlon of the processing time of jobs.

We describe the detalls‘as f‘ollown i? } _ fﬂ"'
AE e ﬂi!f o W
We now review/the sp'q(:ed’ ‘Btlxﬁbh tihﬁin the heterogeneous pro-
cessor model W|£heut lo ttpe-sldwest processor has speed
1, and the speqed cl;f-'[pr e execution time fjerm'] (z‘.,_,) is the time it
takes to run]@}pn the : tIOQ twﬁé,o:bn processor
P NOW beco@_éé“—’ W -

{1°05,5 ZII n{”ek,l_% e Skl'a‘zf_;:aﬁii‘)} (4.11)

! k

o .'-'-'1I A ”f'
The dynamic prog'ramm'lﬁ'g can-now solvg the sqheduﬁmg problem under heteroge-

- ! = = o
neous environment. We use: Eﬂuatlon 4.2 and eq#&tib.n 4.5t0 update the last completion
j E.l e

time sequence, the ready time sequence Jnd the fished job vector. Then we use the recur-
sive formula in Equation 4.8 to compute the makespan function under the same terminal

conditions.

Chain-like structure Our dynamic programming can also be generalized for certain
chain-like workflow problem. For example, we have a root nodejjowith »n job chain
children{H,, ..., H,}, all of which are then followed by the same jdh Please refer to

Figure 4.1 for an illustration.
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Figure 4.1: The example of chain-like structure job. The nodpsasent the jobs, and the
arrows represent the precedence constraints on jobs.

We can schedule the workflow in Figure 4.1 by three steps: First, we place thé root

by a greedy algorithm. We t%., m@%asagn it to the processor with the

earliest completion tlirfgl-gecon&"é uset ynamm%grammlng to find the optimal

solution for then Joﬁphal or portion of time slots
i , e
thatareafterthqb!' etlo ' ( @grammmg Finally,

we schedule s to-@ee that by using the
H“.

three steps \nﬁcan achieve op

&
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Chapter 5

Heuristics
SO e
We propose two classqs wolt“heuqstie algorltfl Urﬁu__schedulmg problem. First we
._—1 H! e i
propose thehain O{dé'ﬂng?eunstﬂc 7 _i'estjob first h"éurlstlc
Bu

The chain orﬂenng heuristic is stic that sc dulgs one job chain at a time
according to a partlcu ' de_termmed by the character-
istic of job chalihs Wth rié:f:l'rn.s'- of job chaiverage
execution tlmean __mak “ﬁp ~

e |
:.'I-

i,
i
i"' "1I

511 Average Ex\aczutfan 'FFmg 1_;’_‘ 'n: ‘
5 L - e e
d? 1
We useaverage execution tln( no!'edBw,)lof%b éhams to determine the scheduling
order among job chains. The average execution time of a job chain is the average execu-

h.
N i
% We sort the average execution

tion time of jobs within this job chain, i.eq; =
time a; in descendingrder, and schedule one job chain onto processors in each iteration

using the earliest completion time first algorithm describing in Chapter 3.

We think scheduling job chains in descending average execution time might reduce
the makespan for the following reasons. If we assign jobs with smaller average execution

time first, we tend to delay the execution of some long jobs. Those long jobs can easily

17



become the bottleneck of their job chains.

If we schedule long jobs first we might have more options to place them, and it is
more likely to find suitable and earlier time slots for them, hence reducing the makespan.

The pseudo code of the algorithm is in Algorithm 1.

Algorithm 1 : Chain Ordering Heuristic Algorithm
Input: Job Chain Set
Output: A ScheduleS
begin

for i — 1tondo
| a; < average execution tim GH"'Ir -
end -1_4]' "'r'.f"
SortH; in descenqiimdmdemiryr - fd_
for i — 1to nge | g L
Ry, — QIS " : <, __
for j <= 1toh,; do g '
‘ asixgnjuto e period com E(Jigo it Ry
A iy st time o t’L i ol -
o digﬂ of H, }mﬂi- f\ yj Ny
end A= O
return S T . B
end = E—ﬂ —
= Ya \:‘1}, i B
5.1.2 Expeeted Mﬁk p M) '*-.'

Wl | Q
We can useaxpected' makeSBMJo,k}ch deqldet?:?é(éclﬁi‘qdullng order among them.

The expected makespan oj.-a job chaln is the r%_?kest)ar!f that we assume that the system
only has the current job chain to s&ed'ute- an_éli [allbprocessors are available. The optimal
makespan can be calculated using the greedy method we described for one job chain case
in Section 3.1. After we determine the job chain order we then schedule job chains by

increasingmakespan order.

The reason for scheduling job chains in increasing expected makespan order is as
follow: A job chain H, could have a large makespan because one or several jahs in
cannot find suitable time slots, and this causes large gaps among themselves and after

their predecessors. If we schedule job chains with shorter makespan first we may delay

18



Procedure ECF( Job.J, Job processing timg Time pointl’)
Input: Job.J, Job processing timé Time pointT’
Output: An Idle Period
begin

[ — o0

I — o

for i — 1tomdo

Je—1

while €i,j —t< maX(T, Si,j) do
| J++

end

if maX(T, Si,j) +t < [then

[ —max(T,s; ;) +1
I—1I;
end i )

return 1 A L 1= S e N

end A A

.7
-[.:I- N i ¥
the execution of the/begi

gaps within tﬁ?s' job chai ithnot. increase the ovell‘ I make‘?pan. Based on this
| ‘ o
intuition we s'i:hedulej ) [ ' ected makespan order.

The scheduhng _?glg

average execuﬂbn tlmq,_

5.2 LongestJo'BElré,ti'—’leuﬁstlj e
Iy [ L

The two heuristics described earlier are easy to implement, but do not perform well in
some special cases. For example, if a job chf&jrhas a long job/; ; and many short

jobs, and another job chaifl; has jobs that have nearly the same execution time, and
the average execution timag is smaller tharu,. The average execution time heuristic in
Section 5.1.1 will schedulé; first. However, the long job; ; will be the bottleneck of

its chain, and this may cause average execution time heuristic not perform well under this

situation.
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To handle such special cases we prodogsgest job first heuristithat schedules one
job at a time, instead of one job chain at a time. In every iteration we choose the job
with the longest processing time from the next jobs of all job chains, and assign it to the
processor with earliest completion time. By choosing one job at a time, we make decision
based on each job, rather than on job chains. The intuition is that we might handle special
cases well because we are not required to schedule the entire chain. The pseudo code is

in Algorithm 3.

Algorithm 3: Longest Job First Heuristic Algorithm

Input: Job Chain SeH @JL""}I'E':‘E'UE@#
Output: A ScheduleS

i
begm L'k:-l
RH <—( ; E-?' )f,.

while o fu,L iS no
tak

G
=

i

L]

L ]
&

i

=

1'..‘-
=3
g
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Chapter 6

Experiments

: r|-[ LL I‘"‘ﬂ*{

In this chapter we evaluiltelthe pe{fdgmance :gtﬂur héruuglc algorithms by comparing the

|.-'F LT &
results against the oﬁbmﬂisolutld

he dynamlc ﬁ'mgrammmg

w14
.—.

Jﬂ: LT 3
6.1 Envmﬁr]‘fiﬁg '4"; =

| g™
Ly

The setting d'f.-ilhe Ju our e@riment is as follows.

. !
We consider Mo case flrst cas‘e'v@matzessors

and3 job chain?s a‘ﬁ"l

first case job ch@ﬁ_s chp ‘ avallable time sl ts orb_ ojtem@an in the second case.

1K |.
J-
".

Other parametelrsmm O-DLEXpe

r.-*a

number of jobs per JOb ef}am is frdmm S5#In t

h_l.

job chain is from3 to 8. The Ig gt“’eﬁ,ﬁ%j&bﬁ“ -r’ne slots and the gaps between two

esc | a;{oerlows In the first case the

ﬁ‘é"secoitd'base the number of jobs per

time slots are randomly chosen framo 50, therefore the processors are available about
half of time. The execution time of job is randomly chosen frorto 40. We run the
experiment forl 00 times for each parameter set, and calculate the average results. We list

the experimental parameters in Table 6.1.
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number of processors 2 3
number of job chains 3 2
number of job per job chaih; | 1,...,5| 3,...,8
time slot lengthl; ; 1-50
job execution timé, ; 1-40

Table 6.1: Experiment environment parameters

6.2 Performance Evaluation

In this section we compare the performance of different heuristics, using the optimal solu-

tion from the dynamic programmlnp as!a bjstse J|rWeretr;fnve makespaas the measure-
L&

ment of performance. 1|:he| reIaLve makespanfrom 5’ heurlstlc is the makespan divided

s Sectm? 1.2

euristics a'?;'% mo

chain. Second, We fn’r@’thatl : job fi istic utpe.rfbrmsﬁ'the other two heuristics.
* A =Ny
That is because the ]pngést-;eb leSI IC cgnsiders one Job at a time job so that the
' 5
scheduling is more erer in choosmg Jo'bs g A
M= (0T oy () LS

In Figure 6.2 we compare the relatlve makespan from the three heuristics when we
have 3 processors and job chains. Job chains now do not need to compete for the
available periods as often as in the previous case, therefore we observe that all three
relative makespan are now reduced to be less than We also find that the relative
makespans of the three heuristics now become closer to each other. Nevertheless the

longest job first heuristic still has the best performance.
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order-avg -~
JF ke

12

Relative Makespan

Relative Makespan

1.05 ¥
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Figure 6.2: Relative makespan fdsewers and2 chains
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Chapter 7

Conclusion

(il T |
This paper introduces te{:hrquuesin S(:hedullr;}:g.}ng‘v\‘l'r th _q.ependency constraint to proces-

sors whose avallable"trmg.f(re fra
i,

‘“*'*i;
patterns —tree aaqd chains. it ‘ teto sclﬁedule jobs with a tree de-
pendency patté;n .:_l'f’w‘ N

schedule for .'a'bsuagln

] < =~
generalized to heteroger i -li pentienCy structure. In order to
= | Co
reduce the time of sch nt heurﬂlcs Experimental re-
I-':| Sy l I “‘
sults indicate tliétt tﬁese [ ' [ scheduﬂﬁs even when compared
i .:rl -
against the optlmﬁl stii[uti.on nam _,[ grammlng“‘-
o, < i,
P < 4.0
.' “‘1I

We are mvestlgatmg a ‘more precise esti
= ™

r’q_ate on e hﬁ’l{dness of the scheduling jobs
_, j
with linear dependency, smt;e"gl thlS moment we dolrfot have a NP- -complete proof, or

a polynomial time algorithm. We a]so WOl!ﬂd er to generalize our linear dependency
dynamic programming to other workflow patterns, so that they can take advantage of this

dynamic programming to find good schedules.
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