Job vs Portioned Partitioning for the Earliest Deadlinst=ir
Semi-Partitioned Scheduling

Laurent George
University of Paris-Est Creteil, LISSI, 120 rue Paul Armanh@4400 Vitry sur Seine, France
Pierre Courbin

ECE Paris, LACSC, 37 quai de Grenelle, 75015 Paris, France

Yves Sorel
Yves Sorel, INRIA, AOSTE, Domaine de Voluceau - B.P. 10537184 Chesnay, France

Abstract

In this paper, we focus on the semi-partitioned schedulingporadic tasks with con-
strained deadlines and identical processors. We study asescof semi-partitioning: (i)
the case where thé/orst Case Execution Tin{fgVCET) of a job can be portioned, each
portion being executed on a dedicated processor, accaagtatic pattern of migration;
(ii) the case where the jobs of a task are released on a paycéssme out of p, where
p is an integer at most equal to the number of processorsrdingao a Round-Robin
migration pattern. The first approach has been investigattdte state-of-the-art by mi-
grating a job at its local deadline, computed from the deadif the task it belongs to. We
study several local deadline assignment heuristics ffaged on processor utilization and
based on the minimum acceptable local deadline for a job an@psor). In both cases,
we propose feasibility conditions for the schedulabilitysporadic tasks scheduled using
Earliest Deadline Firs{EDF) semi-partitioned scheduling. We show that the loadt{u
tion used for global scheduling to establish the feasibiit sporadic task sets exhibits
interesting properties in the semi-partitioning contéife carry out simulations to study
the performance of the two approaches in terms of succesamdtnumber of migrations,
for platforms composed of four and eight processors. We ewenfhe performance of
these semi-partitioned heuristics with the performanagadsical partitioned scheduling
algorithms and with a global scheduling heuristic whichusrently considered to have
good performances.
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1. Introduction

In this paper, we consider the problem of real-time idehtiwaltiprocessor scheduling of
sporadic tasks in the constrained deadline case ([1]), watparallelism in the execution.
Multiprocessor scheduling is an active area of researdthtieamostly been studied using
partitioned scheduling approaches. In the partitione@daling case, tasks are assigned
to the processors according to a partitioning heuristic @arthot migrate. A classical
uniprocessor scheduling feasibility condition is thenduseedecide on the schedulability
of the tasks.

Partitioned scheduling is attractive as it does not leadtomigration costs that can
influence the schedulability of the system. However, it hasnbshown that in some
cases, sufficient feasibility conditions can only ensueeftasibility of a system with a
system utilization of less thasD% ([E],[@]). This is an indication of the pessimism of
partitioned scheduling.

Another approach calleglobal schedulings considered to have theoretically better per
formances compared to partitioning approaches. With ¢tieeduling, jobs are allowed
to migrate and processor utilization can rea6h% ([@],[B],[Eﬂ). Migration costs partic-
ularly depend on cache-related migration delays and omtkecionnect length.

A recent paperﬂ?] has shown, with an experimental study dona 24-core Intel
Uniform Memory Architecture (UMA) machine, that cacheateld preemption and mi-
gration delays were comparable for a system under loadh&umiore, recent advances in
3D multicore technology [8] reduce the interconnect lesgthus reducing the migration
delays. In addition, migration costs can also be reducedhbiyn@zing migration policies
to amortize the cost of a task migrati& [9](e.q. lazy stedadfer, precopying, low level
migration). All this would appear to make scheduling withgnaition an attractive solu-
tion. However, migration costs in current feasibility caiahs are either not taken into
account or, if they are, only by inflating task execution tanehich might not be accurate
and may lead to CPU over-provisioning.

Optimal strategies have been proposed for periodic rea-tiasks: Pfair ﬂ4]|]5]),
where each task is divided into quantum-size pieces hawegqgo deadlines, and LL-
REF (E]), with T-L plane abstraction where the scheduligone to bound the number
of preemptions. These strategies, although optimal, chtle a large number of migra-
tions, thus leaving their applicability to real-time systeuncertain. An active area of
research aims to tackle the problem of reducing the numbghbahigrations, to reduce
the impact of migration cost on the feasibility conditiossg sectioh 312). Nevertheless,
only sufficient feasibility conditions have been proposathiobal scheduling. These suf-
ficient feasibility conditions are in the current statetloé-art more pessimistic than the
feasibility conditions obtained for partitioned schedgl([ﬂ]).

More recently, a semi-partitioning approach has been m®egpas a possible approach.
This approach can be seen as an intermediate solution betpagtioned and global
scheduling approaches. In classical semi-partitioneédiding, the goal is to control
the number of job migrations in order to reduce run-time bgads. The basic idea with
semi-partitioned scheduling is to execute tasks accoitdiagstatic job migration pattern.
Most results propose heuristics that first try to assign, ashras possible, tasks to a
single processor according to a particular partitione@duahng heuristic. The jobs of the



tasks that cannot be assigned to a single processor arelkheadito migrate between a
fixed set of particular processors. The state-of-the-aqp@ses several approaches:

1. The approach that splits the WCET of a task into severaiqrs, each portion
being successively executed on a dedicated proceBsor ®3. cése is referred to
asjob portion migration The state-of-the-art has considered the optimistic case
where no constraint is imposed on the possibility of spigtWWCETs. We focus
on the solution that consists of migrating a job on a proaeasa local deadline
associated to a portion of WCET. The local deadline is coexgbtrom the deadline
of the task. We study in sectién 5.11.1 several local deadlgsggnment heuristics.

2. The approach that defines a migration pattern of suceegsins, referred to by
Funk& al. in ] as theestricted migratiorcase. A job is executed on only one
processor but different jobs of the same task can be exeountéifferent processors.
This migration pattern introduces fewer overheads tharjabgortion migration
approach as migrations are only done at job boundaries (st ome@ migration per
job).

In this paper, we focus on both approaches, consideringeSaDeadline First (EDF)
schedulingZ].

Our contributions:

For the first approach, we show how to generalize the appesagiven in the state-of-
the-art of semi-partitioned scheduling to the general adsechedulers applying jitter
cancellation before migrating a job. Jitter cancellat®a classical approach used in net-
worked systems to reshape the arrival pattern of incomimgstldn networked systems,
jitter control is done according to the minimum and maxim@sponse times of incom-
ing flows at destination nodes. In our context, this is don¢henprocessor that has to
migrate a job. The basic idea is to postpone the migrationjolb @n a processor as long
as it has not reached its maximum response time. With jisacellation, we have the
interesting property that the release time pattern of a@ljtibs of a task is identical for
all the processors executing the task. A classical unigsmdeasibility condition can be
applied independently on each processor that executek.a tas

Jitter cancellation is obtained by migrating jobs at locehdlines, computed from the
deadlines of their task. The benefit of this solution is tltaliag a new task to a processor
only impacts on the feasibility of the task assigned to trecessor (once assigned, the
local deadline of a task cannot change). We just need to dhetkhe local deadlines of
all the tasks assigned to this processor are met. The manbedck of this solution is the
possible rejection of a feasible task configuration thattm#ee global deadline but not
all the local deadlines. For the first approach, our mainrdautions are as follows:

e We recall local deadline assignment heuristics that haen lm®nsidered in the
state-of-the-art in sectidn 5.1.1 and study their perferceausing simulations in
sectiori 6.

e \We revisit the heuristic of Katé al. (see|ﬂ3]), where the local deadline of a job is
fair (equal to the deadline of the task divided by the numligrrocessors visited



by a job). To our knowledge, this heuristic has the best perémce in terms of the
success ratio. We extend this solution as follows:

— By proposing a sensitivity analysis on the WCETs to decidéhenduration
of a portion of a subtask assigned to a processor. We estatais results on
sensitivity analysis in sectidi 4 to compute the maximursiféda duration of
a portion of the WCET with EDF scheduling.

— By proposing several local deadline assignment heurifitice the state-of-
the-art and a local deadline assignment heuristic denst&d&-MLD-Dmin,
based on the minimum acceptable local deadlines for a job@pitocessors
executing it. In sectiohl6, we show by simulations, the penfince of these
local deadline assignment heuristics. The solution baseldaal deadlines
computed from minimum acceptable deadlines in some cagperforms ex-
isting local deadline assignment heuristics in terms ofdiecess ratio (see
sectiori6).

For the second approach, the jobs of a task are migrateddxefeasing a new job accord-
ing to a static job migration pattern. Our main contributionapproach 2 is to propose a
Round Robin Job Migration (EDF-RRJM) heuristic (see sutise{.2). We establish a
generic feasibility condition for EDF-RRJM schedulingsbd on thdoad function. This
feasibility condition is then applied on each processor.

The remainder of this paper is organized as follows: In se, we introduce the task
model and the notations used. Secfibn 3 reports to to the-stahe-art for partitioned,
global and semi-partitioned scheduling algorithms. Wevpgl® a table comparing the
characteristics of semi-partitioned heuristics. Sedianvisits the feasibility conditions
for EDF scheduling, showing that thead function used in global scheduling can also
be used to establish new feasibility conditions for sentifianed scheduling. We then
revisit the problem of computing the minimum acceptabledtiea for a task, providing
corrections to some problems we have identified with theimaigesult. Sectiofl5 fo-
cuses on portioned semi-partitioned and job scheduling Ridund Robin migrations.
For portioned scheduling, we show that this problem can beeddy migrating jobs at
local deadlines, based on the deadlines of the tasks. Weagianeric feasibility con-
dition for EDF valid for any local deadline assignment hstici Finally, we describe a
portioned scheduling algorithm using local deadlines categ from the minimum local
deadline of the tasks. We then present our second approaek ba Round Robin job
migration and we establish the associated feasibility tmmd for EDF scheduling. For
a task that cannot be assigned to a single processor, wetexejal 1 time out op < m

on a set ofp processors, where is the total number of processors. Secfibn 6 is devoted
to simulation results. We use simulations to study the perémce of EDF feasibility
conditions for both approaches. We consider the followitgesluling algorithms:

e Four portioned semi-partitioning heuristics based on @ggh 1, with local dead-
lines:

— Computed according to the solution proposed in Katal. (E]), with migra-
tions at local fair deadlines.



— One based on a variant of Katoal with fair deadlines and fair portions
— One based on local deadlines proportional to processaaitdns.

— One based on local deadlines as a function of the minimunpétaiske dead-
line on each processor (EDF-MLD-Dmin).

e One based on Round Robin Job Migrations heuristic (EDF-RRJIM
e A well known global EDF schedulin@:%].

We use simulations to compare the algorithms in terms ofug@rsss rate for accepting
tasks on a set ofn = 4 andm = 8 processors in the case of arbitrary loads for First-
Fit (FF) and Worst-Fit (WF) bin packing algorithms and (i) terms of density of job
migrations. Finally we summarize our conclusions in sexilo

2. System Model

In this paper, we consider the problem of scheduling a spotadk set on a multipro-
cessor system. We suppose a setwoidentical processors, executing jobs at the same
processor speed. A sporadic tasksglr p) is a task set composed ofsporadic tasks,
where C, T and D respectively denote the sets of WCETs, Peaad Deadlines of the
tasks. We also use the notatiow.r.t. 7 1 p) to simplify the notations when possible.
Each sporadic task(C;, T;, D;) is defined by:

e (;: its worst-case execution time (WCET), obtained on any g¢ssor;
e T;: its minimum inter-arrival time (also called, by extensitime period);
e D;: itsrelative deadline.

Each task; generates an infinite set of jobs with a minimum inter-atrivae 7;. For a
job of 7; released at time, t; + D; is its absolute deadline.

Inthe state-of-the-arit__[_i4], the case where respectivelyD; = T; (respectively/r;, D; <

T; ) is referred to as thanplicit deadline(respectivelyconstrained deadlinecase. The
case where no specific relation between periods and deadsnalid for all the tasks

is referred to as tharbitrary deadlinecase. In the following, we assume constrained
deadlines and the following definitions:

[ )\i = m |S the denS|ty Oﬁ‘i(C'Z-, 7—;‘, DZ)

e h(t) = >, hi(t), denotes the processor Demand Bound Function (DBF, [12])
whereh;(t) = Maz(0,1 + [=2£])C;. h(t) is the workload resulting from the
execution of all the jobs that have their absolute deadiimése time intervalo, ¢/,
in the synchronous scenario (the first jobs of the tasks &&aged at time 0).

e U=7Y", % isthe processor utilization resulting fromr, p).

e P=LCM(Ty,...,T,) is the Least Common Multiple of the periods of the tasks,
also called the hyperperiod.



e The scheduling considered is Earliest Deadline First (EpiEemptive schedul-
ing. EDF schedules jobs that have shorter absolute deadlisé Ties are broken
arbitrarily.

o 7 = {m,...,m,} is the set ofin identical processors in charge of executing the
tasks.

. r((’g?ﬂ 1y denotes the subset of tasksi@,r, p) executed on processay,. We also

use the notatiom® to simplify the notations when possible.

° Ci(k) denotes the duration of a task (or subtaskgssigned to processo.

3. Related Work

In the uniprocessor case, EDF scheduling, has been provss aptimal for scheduling
sporadic tasks. Optimality is defined as the property thasahedulable task set is always
schedulable with EDF (all the jobs of tasks meet their deagd). Optimality of EDF
is no longer guaranteed in the multiprocessor case. Three approaches have been
considered for scheduling sporadic tasks on a multipracesgstem: the partitioning
approach (see subsection|3.1), the global scheduling appr@ee subsection B.2) and
the semi-partitioning approach (see subsedtioh 3.3).

3.1. Partitioned scheduling

With the partitioning approach, we need to find a partitignreuristic to assign tasks to
processors and then to use a uniprocessor feasibility tondin each processor to decide
on the schedulability of the task assigned to it.

The problem of finding a feasible partitioning is a bin pagkproblem known to be NP
hard in the strong sensE[lS]. The state-of-the-art thezdtwuses on different partition-
ing heuristics. These include First-Fit, Next-Fit, Bedtend Worst-Fit[EZ], ]. First-Fit
partitioning heuristics have received more attention.

e First-Fit (FF): tasks are allocated sequentially, one bytorthe first processor it fits
into (according to the utilization or the DBF criterion). §lprocess always starts
from processotr; up to processor,, .

e Next-Fit (NF): tasks are allocated sequentially, one by tnthe first processor
it fits into (according to the utilization or the DBF critenjp The process always
starts from the last processor where a task has been asgtgaduist processor for
the first task).

e Best-Fit (BF): tasks are allocated sequentially but a tasissigned to the processor
it fits best so that it will minimize the remaining processapacity (in the sense of
the utilization criterion or DBF criterion).

e Worst-Fit (WF): the same as BF except that the goal is to maerie remaining
processor utilization.



Notice that the goal of BF is to minimize the number of prooces®y maximizing the load

on each processor. WF can be interesting to spread the task®® many processors
as possible to share the load, for fault-tolerance isswese¥ample to tolerate WCET
overruns @7]). A variant of these allocation algorithmsdfirst to sort the set of tasks
to be assigned in decreasing values of task density or pocaslization, leading to FF

Decreasing (FFD), BF Decreasing (BFD) or WF Decreasing (WMFDiants.

Examples of First-Fit partitioning are:

e Density-based partitioning. For each task, a density caegpiwom the task param-
eters is considered for the partitioning (s@ [18] for anaestive list of density-
based partitioning heuristics).

e Partitioning based on the demand bound function (DBF) appration (ml], ﬂ]).

Among these density-based partitioning heuristics, weehtor any taskr; (C;, T;, D;),
the utilization paramete%‘ or the deps_ity _parametéri = W ([lﬂ], ]). Ona
given processory, the following condition is used to assign tasks itb processofr,:

o > /T < 1 whichis only a necessary feasibility condition fomith
Ti(ci,Ti,Di)Eﬂk
EDF on processart,. For constrained deadlines, a second step is necessamdio ch
whether the deadlines can be met whilemgn

o Y Cymin(D;,T;) < 1is sufficient ([19]) to check the feasibility of a

Ti(ci,Ti,Di)GTrk
task set onr,.. The density partitioning will lead to a feasible partitiog onm > 2
processors if the following condition is satisfieE{[ZO]):

n m — (m - 1))\maq;(7'), if)‘ma:c(T) < 1
Ai <4 m " 5 .
; { 2 + Amax(T), lfAmax(T) > % ( )

where\,...(7) = maxi—1. N

As concerns partitioning based on a DBF approximatBn, fappses for any task(C;, T;, D;),
the approximation of;(t), denoted a&;(t), whereh!(t) = C; + U; x (t — D;) for any
timet > D, and0 otherwise. The DBF partitioning will assign tasKC;, T;, D;) to a
processorr if 7;(C;, T;, D;) satisfies the following condition, with already assignesksa
on, ([2d]):

{ (DZ - ZTj(Cj,Tj,Dj)Eﬂ'k h;k (Dl)) Z CZ (2)

(1 B ZTJ(ijijDj)EWk Uj) >U;

Georgek al. propose inﬂG] a Worst-Fit Decreasing heuristic basethe load() func-
tion. The loadf) function is the cumulative execution requirement gereetdy jobs of
the tasks inr on any time interval divided by the length of the interval asdefined as

([21)):

h(t)

load(T) = Supier++ {T} 3)



The goal of the heuristic given bﬂ16] is to maximize the r@mray processor utilization
characterized by the functidn— load(7*)) on each processat;.

Finally, if a sporadic task set is schedulable with the garting approach om: identical
processors then it can be scheduled with EDF with the DBFtjganing for any task
7(Cy, T;, D;), with processors having a spe@ [14]:

o (4— %) times as fast as the original processor speed for arbiteaglthes.
o (3— %) times as fast as the original processor speed for constrdeadlines.

3.2. Global scheduling

A recent paperﬂ?] has shown through some experiments tbheaaigration delays can
be equivalent to preemption delays for a system under lokad.eVolution of current 3D
architecturesﬂ8] also tends to reduce migration-relatsdhfiies. Thus, it would be inter-
esting to compare the schedulability of partitioned andigeartitioned algorithms with

some of the main results for the schedulability of global EDF

e Goosseng; al. ﬂﬁ] prove a utilization-based schedulability testehiGBF.

e Baker @@] offers a different approach based on the arsabf the workload.
This test is similar to GBF in implicit deadline systems butomparable for con-
strained deadline systems.

e Baruah [L_ZB] proposes a parallel condition derived from thijgutation of the de-
mand bound function.

e Baker and Barua@G] base their schedulability test on ¢imeputation of théoad
function. Previous sufficient schedulability tests redate theload function have
been presented but this test is shown to surpass them.

e Bertogna& al. ﬂﬁ] present an iterative approach based on the slackaif &sk.
This information is used to estimate the interfering wogklon a scheduling win-
dow. Bertogna has named this test BCL.

e Bertognak al. ﬂﬂ] introduce RTA which is a schedulability test based itera-
tive estimation of the worst case response time of each task.

e Baruah& al. @] focus on the demand bound function to derive a sefficschedu-
lability test. This test has the smallest possible proaegseedup factor of2 — %)
for EDF.

In [@], Bertogna compares the main existing results in #nea. All these conditions
are evaluated according to the number of task sets that &eeteée to be schedulable.
Since these schedulability tests are incomparable in tefrtask sets detected schedula-
ble, Bertogna proposes the algorithm COMP based on the seguwd the best previous
techniques. According to this study, COMP and RTA appeaeteat the largest number
of schedulable task sets. Since the improvement given by E&&¢ms limited compared



to the amount of additional computation required, we chosenplement RTA in this

study.

The procedure of RTA is implemented according to that preeskim @]. They show

how to compute iterativelyzi’, an estimated worst case response time of eachrtask
The iteration starts wittk?* = (), and ends if either the recursive equation has con-

verged orR¥ > D,. S represents the slack of the task and is initialized) tolf

the operation failsy; is marked as "potentially not schedulable”, otherwise w&igs

Sl = Dy, — R,

The equation of2}* is as follows :

1 _
R¥ « O} + \‘— min (20;(R®), 3%, RY — Cy + 1) (4)
m iz
with : t+D;—C; — SP . Ib
z( ) = T Cz -+ min (CZ, (t + Dz - Cz' - Si )mOdE) (5)
i Dy, . Ib
7, = A C; 4+ min (C;, max(DymodT; — S;°,0)) (6)

After having computed alR¥?, if no task has been marked as "potentially not schedula-
ble”, we declare the task set to be schedulable. Otherwisewateration is computed.
We stop if the task set is declared as schedulable or if, itattateration, no slack has
been updated. In this case, the task set is declared as h#iaghedulable.

3.3. Semi-partitioned scheduling

The concept of semi-partitioned scheduling was introduiyeAndersont al in @]
where the authors define two classes of tasks : those asdigoety one processor, and
those assigned to two different processors. Tasks asstgrig processors are called
migratingtasks while those assigned to only one processor are dedtsttasks.

Anderson& al also define the degree of migration allowed by an algorithm

1. No migration (i.e., task partitioning)

2. Migration allowed, but only at job boundaries (i.e., naigon at the job level). A
job is executed on one processor but successive jobs of aaaske executed on
different processors. In this paper, we consi@eund Robin job migrations

3. Job portion migration (i.e., jobs are also allowed to mtgrduring their execution
at defined times).

EDF-fm [2_9] belongs to the second category. It splits jolsvieen two processors allo-
catingr jobs oversto a processor with the indgx and the other jobss{r overs) to a
processor with the indep+1. The number of migrations is reduced and the total utiliza-
tion of this task can be adapted on each processor. Howe€xfia is best suited to soft
real-time systems since it cannot guarantee the deadlfrie®d tasks.

In terms of migrations, the following algorithms are cléiesl in the third category (job
portion migration). They split tasks according to their WICEetween two or more pro-
cessors. Parts of the migratory job are executed on sega@atessors, but simultaneity



of execution is not allowed.

Anderson& al. @] lay the foundations for the assignment of tasks ace@ssors. The
principle is to fill each processor sequentially. If the rémrey capacity of a processor
with indexp is not large enough to receive the entire task, this taskKiiisisfo two parts.
The first part is assigned to fill procesgpand the second part is assigned to processor
p+1. Thus, there are at most two migratory tasks on each procassian-1 migratory
tasks in the whole system. This technique is similar téext-Fit bin-packindheuristic
with task splitting All the following algorithms up to EDH@O] use this assigant.

° EKGHE][] offers a complex but optimal solution to this prafle According to a
parameteK which defines the size of each group of processors accepigrgtory
tasks, EKG is able to adapt the utilization bound and the rexrobpreemptions.
Since a migration only happens when a task is preemptedcireglthe number
of preemptions tends to reduce the number of migrationholigh wherk = m,
EKG is optimal with a utilization bound of 100%, it incurs negoreemptions.

e EDDHP (originally named Ehd2-SIFﬁ32] reduces the numlbgareemptions and
increases the success ratio with regard to partitionedittiges. EDDHP is outper-
formed by EKG in terms of its success ratio but is more coremrio implement
and to use in practical cases.

e Kato & al introduce the notion oportion and named their algorithnmzortioned
scheduling In [@], the utilization is shared on two processors. Femtimore, the
authors propose an optimization that will be important egoently. They may
find a task set unschedulable according to their algorithtrsbedulable with a
simple partitioning algorithm such as EDF-FF. It proved thair splitting method
may degrade schedulability compared to some nonsplittiathads. Thus, they
optimize their algorithm to deal with this case.

e EDDP @] improves the schedulability of EDDHP by introdugisome mecha-
nisms of EKG. Indeed, these algorithms distinguish two $ypketasks based on
their utilization: light tasks and heavy tasks. EDDP id stilsier to implement than
EKG and guarantees a new utilization bound of 65% with fewigrations.

e RMDP @] is a static priority version of EDDHP. Kato al. claim that a static
priority scheduling is still widely used and it does not suffrom the domino-effect
problem or the disadvantage of varying jitter in periodie@xtion.

e EDHS @] suggest fundamentally changing the assignmetiaisés on processors.
For all previous algorithms, except for the optimizationE®DHP, if some task
causes the total utilization of a processor to exceed ifigation bound, the WCET
of this task is always split into two portions. For EDHS, a glenpartitioning is
performed before splitting the WCET of a task. If the pastied scheduling fails,
the remaining WCET portions are shared on two or more procgess€ach part
of the task is defined in order to fill a processor. K&t@l. chose to attribute at
most one migrating task to each processor. A task alwaysateigiin the same way,
between the same processors and at the same time of theutiexecHere, the
notion ofsemi-partitionedscheduling takes its full meaning.



e DM-PM [@] is a static priority version of EDHS. If tasks arerted by decreasing
deadlines before assignment, migratory tasks naturallg hahigher priority than
fixed tasks. The scheduling of migratory tasks is thus easier

e EDF-WM E] tries to adapt the simplification introduced in DRM to dynamic
priority scheduling. Thus, a task is split according to it€®BT but its deadline is
also portioned into local deadlines used on each procegsougng the task. This
defines a window during which a subtask should be executed.lddal deadline
of a taskr;(C;, T;, D;) is equal toD; /s (fair local deadline) where is the number
of processors executing the task. WCETs are chosen to fippribeessor w.r.t. to
the fair local deadline. Schedulability analysis and camjpy of the scheduler are
improved with this technique. The implementation is alssieraif we consider
subtasks as independent tasks with a delayed release time.

e SPA2 @5] assigns tasks according to a Worst-Fit heuristlee tasks that cannot
be assigned to a single processor are split into subtaskstsatthe sum of the
WCETs of all the subtasks is equal to the WCET of the task. Aeskreleased at
time t on a processaor; is migrated at time t+R where R is the worst case response
time of the subtask om;,. The authors show that the utilization bound obtained
with SPA2 is equal tm(Z% — 1), the Liu& Layland’s bound defined irﬂﬁ?], that
tends toward$9.3%, where n is the number of tasks.

e In [@], the authors introduce the EDF-38(/1N/6) algorithm. The basic idea
of this algorithm is to split tasks that cannot be schedulealy one processor,
between two processors. The WCETSs of these tasks are divitteslots of length
equal toDMIN/s whereDMIN is the minimum of all deadlines and periods and
0 > 1 is an integer parameter that is configurable. The smallev#hee, and
the smaller the slot size, the more migrations. The slotsrvesl for a task on
any two different processors are synchronized in time. Jals&t are split have a
higher priority than tasks executed on a single processhis dpproach was first
considered in the case of implicit deadlines.in [39].

e In [@], the authors introduce the PDM#PTS DS algorithm based on Partitioned
Deadline-Monotonic Scheduling (PDMS) with the HighesoHRty Task Split (HPTS)
heuristic. With this approach, the task having the highasetipy on a processor that
cannot be executed on a single processor is split betweeprtweessors. Tasks are
allocated in the Decreasing order of Size (density in ouepaf he authors assign
local deadlines for a task (highest priority) equal td); on the first processor ex-
ecutingr; and D; — CY""*" on the second processor, wherg ™" is the WCET
of 7; on the first processor, also equal to its worst case response They show
that the PDMSHPTSDS achieves a utilization bound 65% (compared td;0%

[21,8)).

In table[1, we summarize the properties of the semi-panttibscheduling algorithms
described above.

We can conclude from this state-of-the-art of semi-partitid scheduling that the ten-
dency is to find an algorithm able to schedule more task satslibth partitioned schedul-
ing with fewer migrations and global scheduling. The cormripyeof implementation is



Table 1: Some existing algorithms based on semi-partitt@ededuling

Name Ref. System properties Priority of Scheduling of
migratory tasks non-migratory tasks
Implicit Deadlines
EDF-fm [29] Sporadic/Periodic Highest/Fixed priority Managed with EDF
Identical processors
Implicit Deadlines
EKG [31] Sporadic/Periodic Highest/Fixed priority Managed with EDF
Identical processors
EDDHP [32] Imp||(F:>|;rIiDOedei1Cdl|nes Highest/Fixed priority Managed with EDF
Managed with EDF and
Implicit Deadlines specific.priorities between ‘
EDDP [33] - portions to ensure Managed with EDF
Periodic . )
non-simultaneity
of execution
RMDP [34] Impllglérlijoze?glmes Highest/Fixed priority Managed with RM
EDHS [30] Ig:) F:)“r(;fjilgle;:rlilggii Highest/Fixed priority Managed with EDF
Constrained Deadlines
DM-PM [35] Sporadic/Periodic Highest/Fixed priority Managed with DM
Identical processors
Arbitrary Deadlines Managed W'th.EDF.'
) - WCETSs are split to fill )
EDF-WM [3] Sporadic/Periodic - Managed with EDF
Identical processors . Pprocessor utlllz_anon. .
Migration at local fair deadlines
Implicit Deadlines Highest/Fixed priority
SPA2 [36] Sporadic/Periodic Migration at local Managed with RM
Identical processors Worst Case Response Time
. . Highest/Fixed priority.
EDF-SSOMIN/6) | [38],[39] Asrbgrrzggsggggiecs WCETs are split into reserved Managed with EDF
P slots of lengthDM IN /6
. . Highest/Fixed priority.
PDMSHPTSDS [40] Cosnstraln_ed De_ad!lnes WCETs are split into two portions Managed with DM
poradic/Periodic ; A
Local deadlines for each portions

also a point to consider. EDF-fm is based on migrations abindaries which leads
to a simple implementation but the version proposed is oebighed for soft real-time
scheduling. Other algorithms presented in this study fasupb portion migration and
split tasks into subtasks, of WCETs based on the WCETs oé8iest This leads to an op-
timal algorithm (EKG) but this solution is quite difficult immplement. With suboptimal
algorithms, Katd al. were able to achieve simpler algorithms with reasonatilieation
bound and fewer migrations. We initially study this problésee sectioh 511), when the
migration of a job occurs at its local deadline.

However those approaches require using an operating systédrkeeps track of job cpu
consumption in order to migrate a job when it has been exdcuany operating sys-
tems offer execution overrun timers to specify that a job Iesn executed for a given
duration (e.g. @1] in AUTOSAR OSEhZ] in Real-Time Spedtion for Java: RTSJ).
Nevertheless, the migration time is not necessarily idahto the time when an execution
overrun occurs. This might introduce time overhead in th@agament of such timers
to adapt them to task migration. Moreover, a migration dyithre execution of a job re-
quires transferring the execution context between pracss#hich can prove costly on
a multiprocessor system.

In this paper, we also consider another approach, based wnd¥®obin job migrations
(EDF-RRJM), presented in sectibn5.2. It is based on mignatat job boundaries.



4. Reuvisiting uniprocessor feasibility conditions

4.1. Reuvisiting the load{c 1 p)) function

Let 7cr,py be a task set of sporadic tasks whe©€ = (C4,...,C,), T = (T1,...,T,)
andD = (Dy,...,D,) are respectively the set of WCETSs, periods and deadlindseof t
tasks. A task;(C;, T;, D;) is defined by the,;, elements of the three sets C,T and D.

We recall that the load{c 1, p)) is the cumulative execution requirement generated by
jobs of the tasks in- on any time interval divided by the length of the interval. €Th
load(r(c,r,p)) function is defined a@l]:

h(t)

load(T(c;r,p)) = Supier+ {T} (7)

The loadfc r,p)) function has been considered as an interesting functiqerdeide a
sufficient feasibility condition for global EDF scheduli@]). In the uniprocessor con-
text, the loadf- 7 p)) function provides a necessary and sufficient feasibildgdition
for EDF on a uniprocessotoad(rcr,py) < 1. Fisher& al, in [Z’l], show how to com-
pute the loadf{ r, p)) function, leading to theore 1 (we recall that P is the leastmon
multiple of the periods):

Theorem 1. [@] Let 7cr,p) be a sporadic task set.

load(T(C,T,D)) = Supier+= {@} =

Maz {U, Suppes {2} } <1, whereS = Up_, {D; + kT3, 0 < k; < | Z22] — 1},
In [@], George& al. show that this expression can be used to characterizgptte of
feasible WCETs. Considering the WCETsd = (z4,...,z,) as variables and®, T
as constants, thiead(mx,rpy) < 1 condition defines a set af+ 1 constraints, where
the firsts constraints are derived from the set of elementS wheres is the number of
elements inS and the(s + 1) constraint is derived from the load utilizatioti (< 1).

They show how to prune the sét for the computation of load(x 7)), to extract the

subset of elements if representing the most constrained times wheig;cp+- {@}

t
can be obtained.
For any timet; € S, they formalize as a linear programming problem the questio
determining whether a timgis relevant inS or if it could be ignored. For each timgthe
goal is to maximize the objective functidrit;) taking into account the — 1 constraints,
h(t) = Y0 Max(0,1+ %722 ) a; < t, 1 < k < s, k # i, whereu is the the

7
variable representing the WCETs®©fx;, T}, D;). Theses — 1 constraints are constraints
imposed on the WCETS of the tasks without considering thetcaimt associated to time
t;.
The problem to be solved can be characterized with a linesgramming approach, and
is more formally defined as follows:



Linear Programming Problem: LP 1.

Maximize h(t;)
With z; > 0,...,z, > 0 positive real variables
Under the constraints:

Uiz g {0 (8) < ti}

[@] shows that the space of feasible WCETSs is convex. Theggse using the simplex
algorithm to solve LPIL. If for time;, h(t;) < t; when thes — 1 constraints on the WCETs
h(ty) < tr, 1 < k < s, k # i, are imposed, then adding the constrdif;) < ¢; for
timet; will add more constraints on the possible values of WCETs. . ., z,,). This can
only reduce or leave unchanged the goal funcfigf)). Hencet; is not significant for
characterizing the space of feasible WCETs and can themhavetl fromS. Otherwise,
timet; should be kept irs.

Performance of the linear programming approach LP1:

We now study the performance of the simplex for pruning tleeneints in S, in the case
of constrained deadline¥{ € [1,n], D; < T;) using an exhaustive example with more
than 3500 constraints in the set S for all the task sets ceresid Notice that the number
of constraints in S depends more on the value of the peri@sdh the number of tasks
(the number of constraints can be small even for a high numiitasks).

In order to evaluate this impact of the simplex, applied wbpem LP1, on the reduction
of the elements in S, we produce 100,000 systems of three.t&3k each system, we
proceed as follows:

e The period of each task is uniformly chosen from [1,100]

e The deadline of any task(C;, T;, D;) is D; = oT;. « is discretized in the intervals
[0,0.8] and[0.8, 1] with a granularity of respectively.1 and0.025.

We focus on the influence af on the pruning ofS after executing the simplex on the
linear programming problem LP1.

Figure[1 shows the results of our analysis. The number of&iésinsS is represented by
the solid line and associated to the left axis as a functiom. of he dotted line refers to
the number of elements obtained after the simplex is appdig¢de linear programming
problem LP1 and must be read according to the right axis, asaibn ofa.

We notice that the number of elements which curb the C-Spadeup in [0.1, 0.6] then
plunge downwards whem tends toward 1. Itxr = 1, we have the special case of implicit
deadlines where the only constraintis the processor aitiidin constraintl/ = > ", T <

1.

In all cases, we found that the number of constraints befodeadter pruning the sef

is respectively higher thaBb70 and less than2. This reduction of elements is valid in
our example for any processor utilization at most equal tBdt.a load less than6, the
average number of constraints hafter pruning the elements ifi is at most equal to
4. This confirms that the simplex can be very effective to redibe number of elements
characterizing the space of feasible WCETs. We use thisptpm the semi-partitioned
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section for the portioned partitioning approach (see sa)

The load(c,r,py) function has the following properties (séE[lG]) that we ussection
for the problem of semi-partitioned scheduling.

The following property shows that once we have computeddbd(t 1 p)) for a task
setr, itis straightforward to compute the load of a task set wladirthe tasks inrc 7 p)
have their WCETs multiplied by a real numhee> 0).

Property 1. Letrcr p) be atask setload(Tac,r,p)) = @ x load(Tc,r,p)).-

The "Sup” ofah(t)/t is equal tax times the "Sup” ofh(t) /t.

The following property shows that the load of the union of ttask setsr r py and
B .y Is at most equal to the sum of the load function of each task set

Property 2. Let7cr,p) ands ¢« 1 ) be two task sets.
load(r(cr.py U B 1 pry) < load(Tcr,py) + load(B i 1 pry)

The "Sup” of a "Sum” is at most equal to the "Sum” of the "Sups”.

Property 3. Letr r py be atask set. The load corresponding to a transformed task se
where all the tasks in have their period multiplied byis equal to the load corresponding

to a transformed task set where all the tasks imave their WCETs and deadlines divided
by s. In other wordsoad(7(c,sr,p)) = load(T(c/s1,0)s))-

Proof: From the definition of the load functiofgad(7(c sr,p)) = Sups=o At

t
t—D;
T Max(0,14| STiL NG

Supt>0 t

Yiy Maw(0,14 L7242 ) r : ,
; . Lett = :. Changingt to ¢

Hence,load(T(cst,0)) = Supe=o
" Max(0,1 tLDi/S C;/s
leads to:load(7(c sr,p)) = Supy -, 2z Maz( :,L o DO load(T(c/sr,0/s))- [ |




4.1.1. Example using the linear programing approach to cot@phe load function

Let us consider the following exampte; 7. py = {71 (21,1, D), To(w2, T5, Ds), 13(s, T3, Ds) }
of three sporadic tasks given E44], where, for any tagk;, 7;, D;), T; and D, are fixed,
andz; € R, the WCET of task;(z;, T;, D;), is a variable.

o 7 (x1,T1,D1) =7 (21,7,5);
® TQ(.TQ,TQ,DQ) = 7-2(3727 1177>|
o 73(x3, T3, D3) = m3(x3, 13, 10).

In this example, we havdd,,;, = 5 andP = 1001. From Theorerh]l, we have to consider
the setS of times (absolute deadlines) for the computatiok @ /¢ in the time interval
[5,1001), whereS is given by:
S={b+Tki, k1 €{0,...,142}}U
{7+ 11ky, ky € {0,...,90}} U
{10 4 13 k3, ks € {0,...,76}}.

In this example, there are= 281 elements in S.

Applying the linear programming approach on LP1:

The simplex algorithm is applied on the Linear Programmirgpfem LP1, for any time
t; € S, starting from timef, down to timet; (to optimize the computation). We obtain
the following setS after removing all the unnecessary constraints, maxirgizin) /¢ for
any set of WCETSX = {z, 25, 23} € R’

S = {5,7,10,12,40}.

From theorer]1, we therefore have:

h(t) Ty ) T3

oad(T(x,r,p)) ax {U, Suptes{ r }} ax{ - + I + 3
L T+ X1+ T+ 23 2201 22+ 23 621 429 + 323

577 7 10 7 12 ’ 40 '

4.2. Computing of the maximum allowance with EDF

We now show how to compute in theoréi 2 the maximum extra idurdhat can be
granted to a single sporadic taskC;, T;, D;), with a sensitivity analysis valid for arbi-
trary deadlines. This duration is denoted as the allowaheg ©;, T;, D;) in [@] and is
the maximum value oft; such that the task se{(Ci+A;, T;, D;) {7, ., 7(C;, Tj, Dj) }
is schedulable, assuming tha}_, ,_,7;(C;, T}, D;) is schedulable. Wher; < 0, we
know precisely the maximum acceptable duratiom;0fC; + A;. This property is used
to compute the maximum acceptable portion for a task in@e&il, assuming that the
tasks already assigned to the processor are schedulable.

In the following theorenh]2; /7; denotes the set of tasksirwith 7; excluded.



Theorem 2. Letr/7; be a schedulable task set with EDF. The maximum allowanoéa

sporadic task;(C;, T;, D;) is the solution oft; = min(min.p, { DZJ(1—M)},(1—

U)T;).

Proof: The allowance of;(C;, TZ, D;) must satisfy two conditions: (§t > D;, h(t) +
(14 [=2])4; <tand (i) U + 4 < 1.

The fII’St condition (i) leads to\/t €S, A <

A; < mingsp, {7”(1 — kM

x (1 — @). It follows that

+Lt DZJ

The second condition (ii) leads t&; < (1 — U)7;. A; is thus the minimum value
satisfying both conditions. [ |

Theoreni? is an adaptation of a result presenten [45] wihéseshown thatd; =

Mingsp, {m(l — M)}. But if we consider for example a task set composed of only

one taskr, = {Cl = 20,7y = 100, D; = 120}. We have forr, mmt>D1{t7DlJ(1 —

h(t )} = 100 whose maximum value is obtained for time= 120. Nevertheless, |n that
case (1 —U)T, = 80. Hence,A; = 80. Hence, the computation of; given in ] is
not valid for arbitrary deadlines.

4.3. Minimum acceptable deadline with EDF

We now revisit the result oml6] to compute the minimum ac¢abje deadline of a
task scheduled with EDF and present a modified version intiamicomputeDmih that
addresses some problems we detail in the following. Thigltresused in section 5.1 to
compute the minimum acceptable deadline for the EDF-MLDiDneuristic.

We present some explanations and counter examples showrm;g)crectlons on the
algorithm given in[[46] by Balbastre et al. In functipn congdmi, lines 8 to 12 have
been added and line 7 has been modified with respect to theadrtggorlthm

Error with "t = sT; + D,”. The algorithm proposed by Balbastre et al. does not appear
to include the case where we havg) = ¢ at a timet = sT; + D;, the deadline of the
considered task;, with s being a positive integer. Here, the deadline;oéhould not be
reduced and should be kept equalllo

For this specific case, the algorithm proposedﬂ [46] dogsseem to be perfectly
clear since we do not successfully know if these times haveet@onsidered or not.
However, in both cases, we show with some examples that tiaitcan is not correct.
If we consider those times, the algorithm will give tasla deadline equal th(¢) + C; —
sT; = D; + C; > D; leading to a higher deadline thdm, not the minimum (i.e.D;).
If we do not consider those times, the algorithm can proviegdiines that are too small.
We have corrected the algorithm by adding lines 8 to 12.

A counter example based on the task set is given in Table 2.

If we compute the minimum acceptable deadline for taskith the original algorithm
we have:

1. For the first iteration, we initializ®7"" = C3 = 44



Function computeDmin : compute the minimum deadline for a tgsk
Input: Taskr,;(C;, T;, D;), Task setrc.r,p)
Output: Minimum deadline forr;

1 P = LCM of periods of tasks imc 7, py;

2 deadline = 0;

4 DM = (;

5 for s=0to k;-1do

6 t =sT;,+ D,

7 deadline = max(C;, h(sT; + C;) + C; — sT5);
8 if t=h(t) then

9 Dmin = Dy;

10 exit-for;

11 else

12 t=t—1;

13 while t > sT; + C; do

14 if ¢ is an absolute deadline of a taskin [0, P] then
15 if t — h(t) < C; then

16 deadline = h(t) + C; — sT;;
17 exitW hile Loop;

18 end if

19 end if

20 t=1t—1,;

21 end while

22 end if

23 | D™ = maz (DM, deadline);

24 end for

25 return D™,

2. We search for absolute deadlines in the intej&/gl D;] = [44; 54]. The only time
to consider ig = 54 which is the deadline of task.
3. Attimet = 54:

e if we consider this time, the new minimum deadline will be &0 D7 =
h(44) + C5 — 0 x T3 = 54 + 44 4+ 0 = 98 which is higher than the actual
deadline D3 = 54).

¢ if we do not consider this time, the final minimum deadlinel vemain equal

to the initial valueDy"" = C3 = 44, which leads to an unfeasible task set
with a load equal td.2272.

With our modification of lines 8 to 12, we find that54) = 54, thush(D3) = Dj
and we fix the minimum possible deadline§"" = D; = 54. Any reduction of this
deadline will lead to a load higher than 1.

Error with the initialization "deadline = C;”. In the original algorithm, the variable
deadlineis initialized asieadline = C;. Atline 7 of our algorithm, we have replaced this



Task| C | T | D
7 | 10| 54| 16
T [ 12]97|91
3 | 44| 88| 54

Table 2: Task set considered as a counter example for the ¢asesT; + D;

initialization with deadline = max(C;, h(sT; + C;) + C; — sT;).

A counter example based on a task set is given in Table 3.

Task| C | T | D
7+ [ 10| 55| 16
™ | 12| 88| 80
5 | 44| 88| 80

Table 3: Task set considered as a counter example for the initializatleniline = C;

Computing the minimum acceptable deadline for taskith the original algorithm
leads to the following:

1. For the first iteration, we initializ®3"" = C3 = 44
2. We search for absolute deadlines in the intef@gl D3] = [44;80]. We have to
consider times = 80, deadline of tasks, and and¢ = 71, the second deadline
of taskr;.
3. Attimet = 80:
e if we consider this time, the new minimum deadlinergfwill be equal to
Dyt = h(80) + Cs — 0 x T3 = 76 + 44 + 0 = 120 which is higher than the
actual deadlinelp; = 80).
e if we do not consider this time, the minimum deadline rema&qgsal to the
initial value Dy = C3 = 44 which leads to an unfeasible task set with a load

equal tol.2272.
4. Attimet = 71:

e We haveh(71) = 20 andt — h(t) = 71 — h(71) > C5 = 44 thus this time
is ignored and the minimum acceptable deadlinerfaemains equal td4 or

120 according to the previous point.

With our modification of line 7, we will initializeD"" = max(C3, h(0 x T3 + C3) +
C3 — 0 x T3) = max(44, h(44) + 44) = max(44, 10 + 44) = 54. Any reduction of this
deadline will lead to a load greater than 1.

5. Two approaches for the EDF semi-partitioned scheduling

In this section we present two solutions for the EDF semidpaned scheduling problem:



e The first solution, presented in subsecfion 5.1, is an eiieraf the solution pro-
posed by Katd: al. (B]), for the portioned scheduling of tasks. We showt tha
solution in E] corresponds to the case where all the pracsesspply jitter cancel-
lation before migrating the job of a task at a local deadlunection of the deadline
of the task. With jitter cancellation, the job inter-ariitemes are identical on all
the processors executing a portion of a job. Hence, thelfifisiconditions done
on each processor are independent and no jitters shouldkeée tato account in
the feasibility conditions. We establish a generic fedisybcondition valid for dif-
ferent local deadline assignment heuristics. We then m®ponew local deadline
assignment based on the minimum acceptable local deadliree tsk on all the
processors executing it.

e The second solution, presented in sedfiolh 5.2, is basedagyajtitioning. With job
partitioning, migrations only occur at job boundaries. Wegmse executing a task
ons < m processors according to a Round Robin job migration of jads/éen
the s processors. A processor therefore executes the job of 4 tisle out ofs.

In both cases, we first try to assign the tasks according tat#ipaing heuristic. For
the simulations in sectidd 6, we consider two heuristicsstHtit Decreasing (FFD) and
Worst-Fit Decreasing (WFD). We use the density paramkgter W for the de-
creasing policy. Any task setc r py is indexed by decreasing value bf= W

We use a necessary and sufficient condition to assign the taskprocesson/rn,, k €
[1,m],load(t™®)) < 1. load(T™®) is equal taload(r) with WCETSs of tasks not assigned
to processorr, equal to O.

We use the same approach as that giveEh [44] to reduce thplexity of the computa-
tion of load(T), by first applying a linear programming approach (see seffid) to re-
duce the number of elements characterizing the load fumdtiefore using th&ad(7(x,1.p))
function in the partitioning heuristics.

5.1. Portioned semi-partitioned scheduling

With portioned semi-partitioned scheduling, the job ofsktg(C;, T;, D;) that cannot be
executed on a single processor is portioned and executedlbgsks on a set of proces-
sors. We investigate the solution where a local deadlingsgjaed to each subtask. When
the WCET of a task is portioned to be executed®od s; < m processors, this results
in s; — 1 migrations. The migration occurs w.r.t to the release tirha job, at the local
deadline of the job.

The problems considered for portioned semi-partitionirggtherefore:

e To find a local deadline assignment heuristic for the taskam g@processor execut-
ing the task.

e To find a portioning heuristic for the WCET of a task.



These two heuristics are mutually dependent (the duratianportion depends on the
local deadline chosen). Kata al. (E]) present a portioning heuristic that minimizes
the number of processors required to execute a task by asgithe maximum possible
duration to the WCET of a portion while preserving the schalility of the task. We
adopt the same principle for the portioned heuristic weysaglit minimizes the number
of processors required to execute a task, and hence rechieesiber of migrations.
We revisit the solution proposed by Kafoal. in E]. We use theorei 2 to compute the
WCET of a portion from the allowance of a task.

As regards the local deadline assignment heuristic, weritesdifferent local deadline
assignment heuristics in section 5]1.1. Using simulatisresstudy the performance of
different local deadline assignment strategies in se@ion

If we do not control the migration times, a task can experartease jitter that increases
with the number of processors executing the task. This probt well known in dis-
tributed systems. The holistic approadﬂ[47]) has beesidened to compute the worst
case end-to-end response time of a sporadic task, takiogawount the jitter resulting
from all the visited nodes. With this approach, the worsegasponse times on each node
are not independent and the jitter increases with the nuoflgEocessors used.

We propose a solution based on jitter cancellation. Witierjicancellation, we cancel
the release jitter of jobs before migrating them. The jolivalpattern is therefore the
task arrival pattern (sporadic) on all processors. We ame #ble to apply a uniprocessor
feasibility condition on any processor that only dependshensubtasks assigned to the
processorslI),S] propose, for example, this techniqueaicdimtext of distributed systems.

Definition 1. Withjitter cancellationa job of taskTi(CZ.(k), T;, D;) released at time; on
a processotr;, will do a migration at timef; + ka), WhereDi(k) is the local deadline of;

onmy. The duration ofl)g’“) is chosen to be at least equal to the worst case response time
of 7; onmy.

The generic scheduling we propose is denoted as EDF-MLDBEHEcheduling with
Migration at the Local Deadline of the job of a subtask). We te notation EDF-MLD-
WM for the solution proposed by Kato al. E].

Property 4. Jitter cancellation enables us to analyze the schedulglafiportioned semi-
partitioned systems on each processor independently.

Proof: With a migration as proposed in definitibh 1, we cancel thesfige release jitter
on the following processors. The worst case response tinagal§ on a processor (or a
portion of a job) thus only depends on the jobs executed opribeessors with no release
jitter. With jitter cancellation, the recurrence of sulltsigs in a identical pattern on the
different processors.

The job release times of a subtask on a processor thereltoe the sporadic arrival
times of the tasks it comes from as the migration does not@nshe worst case scenario
on each processor (any release time scenario is possible). [ |
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Figure 2: Migration at local deadlines

Figurel2 illustrates the principle of migration at the loabkolute deadline of jobs.
Theorenl B is a generic feasibility condition for portionedfEscheduling when migra-
tions occur on processat; for a job of subtask of; released at time at timet; + DE’“).

Theorem 3. Let 7; be a task executed dh < s < m processors by portioned EDF
scheduling. Suppose that the migration of a subtask ofleased at time; on 7, €
[1,s — 1] occurs at time/; + DE’“). A necessary and sufficient feasibility condition for a
taskr; is:

° > i Ci(k) =C;
e Vi € [1, 5], the local deadlinesDi(k) are met.
> Dz(k) <D

Proof: The first condition ensures that the task can be entirelgigre ons proces-
sors. The second condition checks on each processor inojvihat the local deadlines
assigned to a subtask of taskare met. This can be done by a classical uniprocessor
feasibility condition, based on the worst case response tifma job for fixed priority
scheduling|[49] or based on the load(r, p)) for EDF (see sectionl 4). The third condi-
tion checks that the sum of local deadlines;obn thes processors is at most equal to the
deadlineD;. [ |

Using algorithnil, we now describe the solution used to deordthe schedulability of
a sporadic task; for a portioned semi-partitioned scheduling. Aslin [3], wstfiry to

assign as many tasks as possible with a classical First-oeost-Fit heuristic. The goal
is to keep the number of migrating tasks to a minimum. Aldonil is called for each
task one by one, when a classical FF or WF heuristic fails hedgle a task on only



one processor. The first step is to compute local dead]]j"fé and allowanceélgk) on

each processor,, k£ € [1,m], for the subtask of task; we want to assign. We then
use the Sort-processors() function to sort the processbisther by decreasing order of
allowance or by increasing processor utilizations, dependn the local deadline assign-
ment heuristic used to assign local deadlines (see séctloh)5The maximum duration

of the portion that cabe assigned to the first processors for; is equal tod ;" , c®

i,max?

whereC'*) = C;+A® . The duratiomd") < 0 as by construction; cannot be executed

ons; — 1 processorsAEk) is computed by theompute Allowance(C, T, D, Processor)
function that can be implemented from theorem 2. We thenlclifethe sum of the
WCETSs that could be given tg on s; processors is at least equalkia If this is the case
thenr; can be assigned to the processors, otherwise; is increased by 1 and so forth
until reachings; = m. If we proceed the execution of the algorithm until the las (line
17), this means that task cannot be assigned ta processors.

Algorithm 1: Generic algorithm for the assignmentgfon processors
Input: Processor set, Task setrc 1, p), Taskr;(C;, T3, D;) in 7c,1,p)
Data: s;, k are Integers

1 for s;,=2 to mdo

2 for k=1to s; do

3 Di(k) = computeLocal Deadline();

4 Agk) = computeAllowance(C;, T;, Di(k), )

5 end for

6 Sort-processors|);

7 [Sort processors by decreasing allowances or increasirmg@ssor
utilizations];

8 for k =1to s; do

9 ‘ ngbax =C;+ AZ(-k);

10 end for
u | if 2%, 0F),, > C;then

i,max

12 [Taskr; can been assigned 0 processors]
13 assignTask(T;, s;);

14 exitProgram();

15 end if

16 end for

17 not Feasible(T;);

The result of this algorithm, when every task can be schedsie

e For each task, the set of processors executing it;
e The WCETSs of the portions of each subtask on each processor

e The local deadlines used for each task on each processor

We now establish the feasibility conditions for the porgdrsemi-partitioning problem in
a particular case of migration at fair local deadlines. Wesiter the case where a task



that cannot be executed on a single processor is portionadsehofs, > 1 processors.
Migration occurs at the local deadlines equal&owrt the job release time for all
the s; processors. This is the case considered by Katl. in E] We show that the
load(r¢,r,p)) function can help provide a generic feasibility conditinrthat case.

The notations used w.r.t. the portioned partitioning peabhre the following:

e 7(x,r,p) IS asporadic task set, wheke = (z,,...,z,) is a set of WCETSs variables,
T and D a set of fixed periods and deadlines.

. r((?(k)j’ D) denotes the set of tasksin 1, p) assigned to processof with WCET
portions variables defined in the skt?) = (2" ... 2{"), a set of fixed periods
T, a set of local deadlines deadlings"). By conventlon,xg ) = 0 means that no
portion of taskr; (z;, T;, Di(’“)) is assigned to processoy.

e load( (XW 7.py) denotes the load function of task 3%@)(@ 7.py Obtained from
task setrx 7, p) assigned to processoy.

e 2 denotes the set of deadlines where all the deadling3 are divided byp €
N p> 1.

Consider a task set composedwtx n tasks:7(x, r,p) U 7, r2yYU. - UTx, 10 This
task set is composed of all the tasks-iwith all possible fair local deadlines(; denotes

a set ofn WCETS variables and(i(k) denotes a set of portions of WCETSs for the tasks
assigned to processoy.

We now propose a feasibility condition for the portioned E&#i-partitioned with
fair local deadline assignment in theoréim 4. When consideai particular portioning
of the tasksC'**) denotes in theorefd 4 the set of WCETs portions of all the tasks
processofr;, when portions have a corresponding deadlinBjts (the WCET of a portion
is equal to 0 if the task is not assigned).

Theorem 4. Let 71, p) be a task set scheduled using EDF @nprocessors accord-
ing to an arbitrary portioned semi-partitioning with a falocal deadline assignment.
A necessary and sufficient feasibility condition for the Epdftitioned scheduling is:
Vk € [1,m], lOad(T(Xik):C(k71)7T’D) UTx) e poy U U T(Xﬁ,‘f):Cwm),T,%)) <1.
Proof: The load function is computed far x n tasks in all configurations of fair dead-
lines. When considering a particular portioning of the saiskthe setC*>*) on processor
7, having corresponding deadlines in/s, the WCET of a portion is equal to if a
portion of the task is not assigned to processar This condition checks that the load
corresponding to the tasks really assigned to processatsisst equal to 1. [ |

By applying the linear programming approach LP1 to redueentiimber of elements in
S that are needed to compute the load function, we obtain arigegeasibility condition
to decide on the schedulability of a fair portioned semidpianing.



5.1.1. Local deadline assignment heuristics

Several local deadline assignment heuristics have begroped for the local deadlines.
We adapt the proposed heuristics to the context of atabking executed on a set of
processors according to a semi-partitioned scheduling.

We cite three local deadline assignments proposeEn [BOfhe context of a network
composed of heterogeneous segments, which corresponias tase of uniform multi-

processors). The performance of these local deadlineramsigts is studied in secti@h 6.
For any taskr;, the local deadlineDi(k) on processofr,, k = 1,...,s can be defined as
follows for EDF scheduling:

e The first method is théair local deadline assignmerand corresponds to EDF-
MLD-WM scheduling in the simulations: assign for a subtakk;@ local deadline
%. This corresponds to the solution proposed by Katal in E].

e The second solution is thiair deadline and fair WCET assignmerdad corre-
sponds to EDF-MLD-Fair scheduling in the simulations. Tdlgorithm is the sim-
plest since it distributes WCET and deadlines fairly amdreggdrocessors.

e The third solution assigns a local deadline proportiong@hesum of the processor
utilizations, referred to in the simulation section EDF-DHU, that is: Di(k) =
ﬁDZ whereU, is the processor utilization of all the tasks and subtasksdly
assigned tar, including the processor utilization of the subtask-obn 7.

5.1.2. The EDF-MLD-Dmin scheduling

We now consider a fourth local deadline assignment denatdtDa-MLD-Dmin based
on an optimization of EDF-MLD-WM. The principle of this lolcdeadline assignment is
to consider the deadline margin on each local dead%’rrm‘ter the maximum WCET com-
putation. This margin is computed according to the minimaoal deadline computation
presented in sectidn 4.3. If a subtask can be assigned teggoe;, the minimum local
deadline ka)) is computed and the differenée....,... = % — ka) is given to the fol-
lowing processor in order to increase the allowance of tigroof WCET that can be as-
signed to it. The next processor can use a deadline eq@am@mme andis likely to in-
crease its allowance. A detailed procedure is given in fanfity ToSplitAndAssignTagk.
We study the performance of this local deadline assignmeuntistic in sectionl6.




Function tryToSplitAndAssignTask : Assigns local deadlines wiat EDF-MLD-
Dmin heuristic
1 [m is the number of processorsii;
Input: Processor set, Taskr;(C;, T;, D;)
Output: Trueif the task has been assigné@d/seotherwise
2 Dyeserve < 0;
3 for s;,=2 to mdo

4 for k=1to s; do

5 for I=1 to m do

6 DY = Di/s; + Direserve:

7 AE” = compute Allowance(C;, T;, DZ@, ),

8 end for

9 [7, is the processor with the greatest allowan@é‘) = maxlzl___m(AZ(-l)) in
order to reduce the number of subtasks]

10 CZ-(QM =C; + AY;

1 Di(k) = computeDmm(Ci(an, T, Dz(k), Ty);

12 Dyeserve = Difp — DIY;

13 end for

w | if 2% 0 > Cithen

15 [Taskr; can be assigned tg processors]

16 [If D,cserve > 0 it will be re-assigned uniformly]

17 assignTask(T;, s;);

18 exitSuccess();

19 end if

20 end for

21 exitFail();

5.2. Job partitioning with Round Robin Job Migration

We now present a semi-partitioning heuristic based on jajrations at job boundaries
(see sectioh 3]3), that consists of assigning the subtdisktask to a set of processors in
the following way.

Definition 2. Let7; be a task assigned to a set©of m processors according to a job
partitioning heuristic. The job partitioning is a Round Roklob Migration heuristic if
the job migrations of; follow a Round-Robin pattern: first om, then onm,, .. ., then
on,, then onr; and so forth.

When tasks are strictly periodic and the first release o€curs at time 0 on processaor,

we obtain the following pattern of arrivals on ta@rocessors: the' job of 7; is released

at time(k — 1)7; on processof(k — 1)Mod s) + 1, whereM od stands for the modulo
function.

This leads to releasing the jobs gfon each processor executing it, with a period equal
tos x 1.



Consider the task setx, 7,p) U 7(x,,27,0) - - - U T(x,,,m7,0)- This task set is composed of
m x n tasks having periods equal 19 27, 3T ,mT, deadllnes equal to the deadlines
in D and WCETs defined by the sets of WCET variab)@ng, ey X

Theoreni b provides a necessary and sufficient feasibilitgition for the schedulability
of a sporadic task set scheduled with the semi-partitiori@él &cheduling onn proces-
sors according to a EDF-RRJM scheduling®* denotes in theoref 5 the set of WCETs
of all the tasks on processof when tasks have a corresponding periodinthe WCET

of a subtask is equal to O if not assigned).

Theorem 5. Let 7 r,py be a task set scheduled with the semi-partitioned EDF-RRJIM
scheduling onm processors. A necessary and sufficient feasibility comlitor EDF-

RRJM semi-partitioned scheduling ek € [1, m], load(T ur

(xW=ctkn 1.0)IT(x (=0t 27.0) Y
J<1

U (X(k) C'/(k,m) mT,D

Proof: The proof is similar to that provided in theoréin 4. [ |

By applying the linear programming approach LP1 to redueenilimber of elements in
S that are needed to compute the load function, we obtain ariggeasibility condition
to decide on the schedulability for the semi-partitiondaestuling with Round Robin job
migrations.

5.3. Example of the application of the load function
For this example, we generate the following taskrseééscribed in tablel 4:

cC| T |D
z; | 70 | 60
x| 110 | 72

Table 4: The task setconsidered

In the case ofn = 4, we generate task setg: 7, py, 7(c,37,p) and7c4r,py €quivalent to

7 with the period of each task multiplied by respectively 2,8l &. Finally, we define

TST = {T(C,T,D) U T(C,2T,D) U T(C,3T,D) U T(C,4T,D)}- In the same way, we generate the

task sets where the deadlines and WCETSs are respectivetiediby 2, 3 and 4 leading

to the task setsr(g D) T(C 1, andT(c )- Finally we generate the task sgt, =
(CTD)UT(C )UT( 7D )UT(CTD)

Table[% shows the results of the S|mplex algorithm on thesdegats. The list of the ele-

ments to consider in order to compute thad(r) function is given in the third column.

We can see the performance of the simplex algorithm apptiedPtl optimization prob-

lem (see section 4.1).

Let us do a numeric application to verify propeffy 3 en= 2 processors i.e. that
load(T(cor,p)) = lOCLd(T(C ) We chooser; = 20, x5 = 48 andxzs = 36.



Table 5: Elements i5 to consider in théoad computation according to the result of the
simplex algorithm

Task sets Number of elements With simplex algorithm
iNn [ Dmin, Pl Number of elements List of elements
60, 72, 84, 130, 200,
T(erD) 311 ! 410, 622
T(C,2T,D) 311 3 60, 72, 84
T(C,3T,D) 311 3 60, 72, 84
T(CAT,D) 311 3 60, 72, 84
60, 72, 84, 130, 200,
TST 3732 7 410, 622
T(C/2,T,D/2) 311 3 30, 36, 42
T(C/3,T,D/3) 311 3 20, 24, 28
T(C/4,T,D/4) 311 3 15, 18, 21
15, 18, 20, 21, 24
28, 30, 36, 42, 60
TSp 1223 22 72,84, 85, 90, 100
130, 134, 200, 410
411, 480, 622
As expected, according to Talble 5 we have :
T T T3 X1 X1+ X9 T+ To+ T3 104 26
load =max(— + — + —, —, , =—=— (8
oad(Ticar.p) = max(Z5 + 795+ 195 50"~ 72 s )" ©
z1 z2 3 1 1 + z2 1 + z2 + z3 59 26
l d — a 2 + 2 + 2 ’17 2 2 ; 2 2 2 _ = _ =" 9
0ad(Tig r.8)) = max(z5 + 95+ 795° 30 ~ 36 AR TR T

6. Experimental results for EDF

In this section, we evaluate the effectiveness of the falgveemi-partitioned scheduling
algorithms, using the local deadline assignments destitbsectiori 5.1J1.

e EDF-MLD-WM referred to as EDF-WM irﬂ3], that proposes a fraical deadline
assignment and full portions.

EDF-MLD-Fair derived form EDF-WM that proposes a fair lockgladline assign-
ment and fair WCETSs (deadlines and WCETSs divided by the nuobygrocessors
executing the task).

EDF-MLD-U derived from EDF-WM that assigns local deadlinessubtasks ac-
cording to processor utilization.

EDF-MLD-Dmin derived from EDF-WM that assigns local dea@k to subtasks
according to the minimum local deadlines of the tasks (setosg4.3).

EDF-RRJM (EDF with Round Robin Job Migrations)



e The global scheduling RTA (see sectionl3.2)

All task sets are sorted in decreasing order of density (pater)\; in sectior 2) before
computation as it is an optimization for all partitioningyatithms based on EDFﬂll?]).
We then try to assign tasks according to a heuristic: thesidakpartitioned EDF-FFD
(First-Fit Decreasing)méu 1] or EDF-WFD (Worst-Fit Deasing) E{S]. Finally, the
semi-partitioned algorithms are used for tasks that cabe@issigned to a single proces-
sor.

The effectiveness of an algorithm is estimated bysiiscess rati@nd itsdensity of mi-
grations
The Success ratits defined as follows:

number of success fully scheduled task sets

number of submitted task sets (10)
The density of migrationgparameter is equal to the sum for all migratory tasks of the
ratio between the maximum number of migrations of a tasknduaitime interval equal to
its period divided by its period. Thus, for all semi-padited heuristics, with migration
at a local deadline (denoted as EDF-MLD-*) the maximum nundfenigrations for a
migratory task is equal to the number of portions requiregkiecute a job (supposing that
a migration happens at the local deadline of a job, to relgeestollowing job). It follows:

Z number of portions of T;

T (11)

TiEmigratory tasks

For EDF-RRJM, which gives only a migration between each @lahy number of sub-
tasks, we have for a migratory task:

> 4 (12)

TiEmigratory tasks v

6.1. Simulation Setup

The task generation model used in this paper is based on thelmpresented in @1].
However, in our case, the task generation is adapted to gpelof deadline considered.
In the following,k; € {D;, T;} andp; € {\;, u;}:

e £; is uniformly chosen from [1,100];

e p; (truncated between 0.001 and 0.999) has the followingibigtons:

1. Uniform distribution betwee% and 1;

2. Bimodal distribution: heavy tasks have a uniform disttibn between 0.5 and
1, light tasks have a uniform distribution betwegmnd 0.5; the probability
of a task being heavy i5;

Exponential distribution of mean 0.25;

Exponential distribution of mean 0.50;

5. Exponential distribution of mean 0.75;

W



For implicit deadline task set§k;, p;) = (1}, u;) and for constrained deadlinés;, p;) =
(D;, A\;). In this last case, the peridd is uniformly chosen fromD;, 100].

We consider 4-processor and 8-processor identical prator

Task systems are generated so that those obviously unegsib> m) or trivially
schedulabler, = n andVi € [1,n], u; < 1, meaning the capacity of one processor
of the identical platform) are not considered during thelations:

e Stepl: Initially, we generate a system which contains 1 tasks and test it.

e Step2: Gradually, we add new tasks to the system and repedésks until the
whole utilization of the system exceeds(the capacity of the identical platform).

We generate 1,000,000 task sets uniformly chosen from teedfstributions presented
and the two deadlines types, implicit or constrained. Thiues results are representative
of a large number of task sets.

We decide to reduce the time granularity (the minimum pdssibdlue of each parameter)
to 1. Thus, for the simulation, the parametétsT;, D, are considered as integers. Con-
sidering that the values are discretized according to thekdick, it is always possible to
modify all the parameters to integer values by multiplyingrh by an appropriate factor.
To simplify testing, we used this approach and all the pataraare limited to integer
values. This does not imply, however, that the algorithneslesd presented in this paper
cannot be applied to non-integer values.

6.2. Simulation Results

Now, we show the simulation results, obtained 4oand8 processors, in terms of the
success ratio in subsection 6]2.1 and then in terms of thetgler migration in subsection
[6.2.2, under discrete time granularity.

6.2.1. Success Ratio

Figure 3 shows the results of simulations based on the ssicats with 4 processors. Our
graphs focus on the range of utilization [3.0;4.0] sinceasdrithms of partitioned and
semi-partitioned approaches implemented in this studg la same performance with a
lower utilization. In the same way, figuré 4 shows the resuiiained with 8 processors
and focus on the range [7.0;8.0]. As expected, semi-pamétl approaches become useful
for high utilization task sets.

We have carried out a study to compare the behavior of thegeitdms with task sets
exclusively composed of light tasks (based on task setggeewith an exponential dis-
tribution of mean 0.25) or heavy tasks (with an exponenigtidbution of mean 0.75) but
the difference between these results and the general chs®dappear significant. We
therefore focus on the arbitrary load case in the experisent

With 4 or 8 processors, the global scheduling feasibilitydibon RTA is clearly outper-
formed by all other algorithms based on partitioned schadwlgorithms. Thus, if we
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Figure 3: Success Ratio according to utilization of task sdtprocessors

focus on EDF-based scheduling, the global approach is reftexgive as semi-partitioned
scheduling, in the current state-of-the-art. Thereforewill analyze only the difference
between semi-partitioned approaches.

Semi-partitioned approaches improve the success rati@uitipned EDF scheduling.
Since WCET portioning is done only when partitioned schiedublgorithms fail to
schedule a task on a processor, semi-partitioned algaiohedule all task sets that
are schedulable with partitioned-EDF scheduling algargh

We compare fot and8 processors the percentage of the improvement in the suatess
(the difference between the success ratio of semi parétideDF and partitioned EDF
divided by the success ratio of partitioned EDF timé8) when First-Fit and Worst-Fit
heuristics are used.

With 4 processors, the trends obtained with FF and WF ardasin tabld 6, we present
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Figure 4: Success Ratio according to processor utilizaifdask sets - 8 processors

a comparative table of the percentage of the success rgpi@i@ment. We also provide
the value of processor utilization (U) for which the peregy# of difference is reached.
EDF-MLD-Dmin slightly outperforms all the others. The parhance of EDF-MLD-
WM remains higher than EDF-MLD-U and EDF-MLD-Fair. Thusetluccess ratio is
clearly proportional to the complexity of computation. krms of the percentage of
improvement, EDF-RRJM outperforms partitioned-EDF sctied algorithms: between
1% to 10% of task sets were found schedulable for a processor utdizaf less thar3.6
and up to55% for task sets with a higher utilization. In the same rangeF&ILD-WM
improves the schedulability respectively by to 20% and up to103.3% for high utiliza-
tion. Finally, EDF-MLD-Dmin reaches an improvementldf)% which represents a gain
of about5.56% compared to EDF-MLD-WM for First-Fit. As we expected, thppaoach
become interesting for task sets with a very high totalzation.



First-Fit Worst-Fit
U SR1 SR2 | Improv.| U SR1 SR2 | Improv.
EDF-RRJIM 3.9 0.2267| 0.3267| 44.11% | 3.9 | 0.2000| 0.3100| 55.00%
EDF-MLD-Fair 3.9| 0.2267| 0.3667| 61.76% | 3.9 | 0.2000| 0.3533| 76.69%
EDF-MLD-WM 3.9| 0.2267| 0.4200| 85.27% | 3.9| 0.2000| 0.4067| 103.3%%
EDF-MLD-DMIN | 3.9 | 0.2267| 0.4433| 95.54% | 3.9 | 0.2000| 0.4200| 110.00%
EDF-MLD-U 3.9| 0.2267| 0.4000| 76.44% | 3.9 | 0.2000| 0.3900| 95.00%

Scheduling

Table 6: Best improvement, it4, of the success ratio of each algorithm (SR2) w.r.t.
partitioned EDF (SR1) vs U for 4 processors

Schedulin First-Fit Worst-Fit
g U SR1 SR2 | Improv.| U SR1 SR2 | Improv.
EDF-RRJIM 7.9| 0.3593| 0.4052| 12.78% | 7.9 | 0.2674| 0.3511| 31.30%

EDF-MLD-Fair 7.2 0.8204| 0.9381| 14.35% | 7.6 | 0.6630| 0.8152| 22.96%
EDF-MLD-WM 7.2 0.8204| 0.9381| 14.35% | 7.6 | 0.6630| 0.8152| 22.96%
EDF-MLD-DMIN | 7.9 | 0.3593| 0.4141| 15.25% | 7.6 | 0.6630| 0.8152| 22.96%
EDF-MLD-U 7.9 0.3593| 0.4052| 12.78% | 7.6 | 0.6630| 0.8152| 22.96%

Table 7: Best improvement, ith, of the success ratio of each algorithm (SR2) w.r.t.
partitioned EDF (SR1) vs U for 8 processors

With 8 processors, we present in table 7 a comparative tdltfeeanaximum percentage
of success ratio improvement. We also provide the value @fgssor utilization (U) for
which this percentage is reached.

If with First-Fit the performance of heuristics is similaitv4 or 8 processors, with Worst-
Fit, at very high utilization, the job partitioning EDF-RRJeveals its potential. When
a portioned partitioning approach is limited by the timergrarity, EDF-RRJM can al-
ways create from a task upte subtasks of period multiplied by.. For example, suppose
that a taskr;(C;, T;, D;) = (1,2,2) cannot be partitioned and the time granularityl is
All EDF-MLD-* approaches fail to split this task while EDFHRIM can create < m
subtasks;(C;, pT;, D;) = 7;(1,2p, 2) and potentially succeed in scheduling the task set.
Consequently, it seems that a portioned partitioning chalveays take advantage of an
increase in the number of processors while the EDF-RRJM-pantitioning approach is
able to take advantage of it. For very high density and disdiene granularity, EDF-
RRJM reaches an improvement3if.3% compared to partitioned-EDF which represents
a gain of about 9.3% compared to EDF-MLD-WM.

6.2.2. Density of migrations

Figure[® shows the results of simulations based on the geofinigrations. Since a
migration occurs only when the semi-partitioned techniguased, the results show no
migration with low task sets utilization. Our graphs focustibe same range of utilization
[3.0;4.0] and [7.0;8.0] respectively with 4 and 8 processor

In order to obtain representative graphs, we compute thatyesf migration only for fea-
sible task sets with all the semi-partitioned algorithEBBF-RRJIMleads to one migration
per job release, whereasrtioned partitioningoroduces a number of migrations at most
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Figure 5: Density of migrations according to utilizationtagk sets

equal to the number of portions during the period of a taslke dénsity of migration for
EDF-RRJM is on average respectively 37% (respectively 43%je density of migration
for EDF-MLD-* algorithms for 4 (respectively 8) processokéence, the average number
of migrations obtained with EDF-MLD-* algorithms 569 (respectively2.32) times the
number of migrations of EDF-RRJM for 4 (respectively 8) mssors.

7. Conclusion

In this paper we have considered the problem of EDF semitipatd scheduling accord-
ing to two approaches. The first approach, referred to asdh@ped semi-partitioning
approach, assigns local deadlines to subtasks accordiagacal deadline assignment
heuristic. Based on this local deadline, the maximum aetd#ptportion of WCET is
computed. We have considered several local deadline assignschemes, according
to a fair local deadline assignment and to local deadlingyasgent based on processor



utilization and the minimum acceptable deadlines of ta3kse migration is done at the
local deadline of the job of a task to cancel the release jii&dore doing a migration.
We show that these heuristics outperform partitioned sdireglby a ratio that can reach
110% for the best heuristic at very high utilization. The secopgraach we propose,
denoted EDF-RRJM, is based on migrations at job boundaiigsarRound Robin Job
Migration pattern. The solution is easy to implement andltesn few migrations. With
a First-Fit heuristic, it is outperformed by portioned sepattitioning heuristics but per-
forms better than classical partitioning scheduling athars by a ratio that can reach
44.11%. For a Worst-Fit heuristic with high processor utilizatiand eight processors,
the job semi-partitioning approach performs better thapbrtioned semi-partitioning
approach. In this case, the algorithm based on Round RobiMigration outperforms
the best portioned semi-partitioned scheduling algoritlyna ratio that can reactd.3%
(under discrete time granularity). Concerning the numlbenigrations, portioned semi-
partitioned schedulings produces at least two times mogeations (on the average) than
EDF-RRJM scheduling.
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