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Abstract

In this paper, we focus on the semi-partitioned scheduling of sporadic tasks with con-
strained deadlines and identical processors. We study two cases of semi-partitioning: (i)
the case where theWorst Case Execution Time(WCET) of a job can be portioned, each
portion being executed on a dedicated processor, accordingto a static pattern of migration;
(ii) the case where the jobs of a task are released on a processor, 1 time out of p, where
p is an integer at most equal to the number of processors, according to a Round-Robin
migration pattern. The first approach has been investigatedin the state-of-the-art by mi-
grating a job at its local deadline, computed from the deadline of the task it belongs to. We
study several local deadline assignment heuristics (fair,based on processor utilization and
based on the minimum acceptable local deadline for a job on a processor). In both cases,
we propose feasibility conditions for the schedulability of sporadic tasks scheduled using
Earliest Deadline First(EDF) semi-partitioned scheduling. We show that the load func-
tion used for global scheduling to establish the feasibility of sporadic task sets exhibits
interesting properties in the semi-partitioning context.We carry out simulations to study
the performance of the two approaches in terms of success rate and number of migrations,
for platforms composed of four and eight processors. We compare the performance of
these semi-partitioned heuristics with the performance ofclassical partitioned scheduling
algorithms and with a global scheduling heuristic which is currently considered to have
good performances.
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1. Introduction

In this paper, we consider the problem of real-time identical multiprocessor scheduling of
sporadic tasks in the constrained deadline case ([1]), withno parallelism in the execution.
Multiprocessor scheduling is an active area of research that has mostly been studied using
partitioned scheduling approaches. In the partitioned scheduling case, tasks are assigned
to the processors according to a partitioning heuristic andcannot migrate. A classical
uniprocessor scheduling feasibility condition is then used to decide on the schedulability
of the tasks.
Partitioned scheduling is attractive as it does not lead to job migration costs that can
influence the schedulability of the system. However, it has been shown that in some
cases, sufficient feasibility conditions can only ensure the feasibility of a system with a
system utilization of less than50% ([2],[3]). This is an indication of the pessimism of
partitioned scheduling.
Another approach calledglobal schedulingis considered to have theoretically better per-
formances compared to partitioning approaches. With global scheduling, jobs are allowed
to migrate and processor utilization can reach100% ([4],[5],[6]). Migration costs partic-
ularly depend on cache-related migration delays and on the interconnect length.

A recent paper [7] has shown, with an experimental study doneon a 24-core Intel
Uniform Memory Architecture (UMA) machine, that cache-related preemption and mi-
gration delays were comparable for a system under load. Furthermore, recent advances in
3D multicore technology [8] reduce the interconnect lengths, thus reducing the migration
delays. In addition, migration costs can also be reduced by optimizing migration policies
to amortize the cost of a task migration [9](e.g. lazy state transfer, precopying, low level
migration). All this would appear to make scheduling with migration an attractive solu-
tion. However, migration costs in current feasibility conditions are either not taken into
account or, if they are, only by inflating task execution times, which might not be accurate
and may lead to CPU over-provisioning.

Optimal strategies have been proposed for periodic real-time tasks: Pfair ([4],[5]),
where each task is divided into quantum-size pieces having pseudo deadlines, and LL-
REF ([6]), with T-L plane abstraction where the scheduling is done to bound the number
of preemptions. These strategies, although optimal, can lead to a large number of migra-
tions, thus leaving their applicability to real-time systems uncertain. An active area of
research aims to tackle the problem of reducing the number ofjob migrations, to reduce
the impact of migration cost on the feasibility conditions (see section 3.2). Nevertheless,
only sufficient feasibility conditions have been proposed for global scheduling. These suf-
ficient feasibility conditions are in the current state-of-the-art more pessimistic than the
feasibility conditions obtained for partitioned scheduling ([10]).

More recently, a semi-partitioning approach has been proposed as a possible approach.
This approach can be seen as an intermediate solution between partitioned and global
scheduling approaches. In classical semi-partitioned scheduling, the goal is to control
the number of job migrations in order to reduce run-time overheads. The basic idea with
semi-partitioned scheduling is to execute tasks accordingto a static job migration pattern.
Most results propose heuristics that first try to assign, as much as possible, tasks to a
single processor according to a particular partitioned scheduling heuristic. The jobs of the
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tasks that cannot be assigned to a single processor are then allowed to migrate between a
fixed set of particular processors. The state-of-the-art proposes several approaches:

1. The approach that splits the WCET of a task into several portions, each portion
being successively executed on a dedicated processor [3]. This case is referred to
as job portion migration. The state-of-the-art has considered the optimistic case
where no constraint is imposed on the possibility of splitting WCETs. We focus
on the solution that consists of migrating a job on a processor at a local deadline
associated to a portion of WCET. The local deadline is computed from the deadline
of the task. We study in section 5.1.1 several local deadlineassignment heuristics.

2. The approach that defines a migration pattern of successive jobs, referred to by
Funk& al. in [11] as therestricted migrationcase. A job is executed on only one
processor but different jobs of the same task can be executedon different processors.
This migration pattern introduces fewer overheads than thejob portion migration
approach as migrations are only done at job boundaries (at most one migration per
job).

In this paper, we focus on both approaches, considering Earliest Deadline First (EDF)
scheduling [12].

Our contributions:

For the first approach, we show how to generalize the approaches given in the state-of-
the-art of semi-partitioned scheduling to the general caseof schedulers applying jitter
cancellation before migrating a job. Jitter cancellation is a classical approach used in net-
worked systems to reshape the arrival pattern of incoming flows. In networked systems,
jitter control is done according to the minimum and maximum response times of incom-
ing flows at destination nodes. In our context, this is done onthe processor that has to
migrate a job. The basic idea is to postpone the migration of ajob on a processor as long
as it has not reached its maximum response time. With jitter cancellation, we have the
interesting property that the release time pattern of all the jobs of a task is identical for
all the processors executing the task. A classical uniprocessor feasibility condition can be
applied independently on each processor that executes a task.
Jitter cancellation is obtained by migrating jobs at local deadlines, computed from the
deadlines of their task. The benefit of this solution is that adding a new task to a processor
only impacts on the feasibility of the task assigned to the processor (once assigned, the
local deadline of a task cannot change). We just need to checkthat the local deadlines of
all the tasks assigned to this processor are met. The main drawback of this solution is the
possible rejection of a feasible task configuration that meets the global deadline but not
all the local deadlines. For the first approach, our main contributions are as follows:

• We recall local deadline assignment heuristics that have been considered in the
state-of-the-art in section 5.1.1 and study their performance using simulations in
section 6.

• We revisit the heuristic of Kato& al. (see [3]), where the local deadline of a job is
fair (equal to the deadline of the task divided by the number of processors visited
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by a job). To our knowledge, this heuristic has the best performance in terms of the
success ratio. We extend this solution as follows:

– By proposing a sensitivity analysis on the WCETs to decide onthe duration
of a portion of a subtask assigned to a processor. We establish new results on
sensitivity analysis in section 4 to compute the maximum feasible duration of
a portion of the WCET with EDF scheduling.

– By proposing several local deadline assignment heuristicsfrom the state-of-
the-art and a local deadline assignment heuristic denoted as EDF-MLD-Dmin,
based on the minimum acceptable local deadlines for a job on the processors
executing it. In section 6, we show by simulations, the performance of these
local deadline assignment heuristics. The solution based on local deadlines
computed from minimum acceptable deadlines in some cases outperforms ex-
isting local deadline assignment heuristics in terms of thesuccess ratio (see
section 6).

For the second approach, the jobs of a task are migrated before releasing a new job accord-
ing to a static job migration pattern. Our main contributionfor approach 2 is to propose a
Round Robin Job Migration (EDF-RRJM) heuristic (see subsection 5.2). We establish a
generic feasibility condition for EDF-RRJM scheduling, based on theload function. This
feasibility condition is then applied on each processor.

The remainder of this paper is organized as follows: In section 2, we introduce the task
model and the notations used. Section 3 reports to to the state-of-the-art for partitioned,
global and semi-partitioned scheduling algorithms. We provide a table comparing the
characteristics of semi-partitioned heuristics. Section4 revisits the feasibility conditions
for EDF scheduling, showing that theload function used in global scheduling can also
be used to establish new feasibility conditions for semi-partitioned scheduling. We then
revisit the problem of computing the minimum acceptable deadline for a task, providing
corrections to some problems we have identified with the original result. Section 5 fo-
cuses on portioned semi-partitioned and job scheduling with Round Robin migrations.
For portioned scheduling, we show that this problem can be solved by migrating jobs at
local deadlines, based on the deadlines of the tasks. We givea generic feasibility con-
dition for EDF valid for any local deadline assignment heuristic. Finally, we describe a
portioned scheduling algorithm using local deadlines computed from the minimum local
deadline of the tasks. We then present our second approach based on Round Robin job
migration and we establish the associated feasibility conditions for EDF scheduling. For
a task that cannot be assigned to a single processor, we execute a job 1 time out ofp ≤ m
on a set ofp processors, wherem is the total number of processors. Section 6 is devoted
to simulation results. We use simulations to study the performance of EDF feasibility
conditions for both approaches. We consider the following scheduling algorithms:

• Four portioned semi-partitioning heuristics based on approach 1, with local dead-
lines:

– Computed according to the solution proposed in Kato& al. ([3]), with migra-
tions at local fair deadlines.
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– One based on a variant of Kato& al with fair deadlines and fair portions

– One based on local deadlines proportional to processor utilizations.

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

• One based on Round Robin Job Migrations heuristic (EDF-RRJM).

• A well known global EDF scheduling [13].

We use simulations to compare the algorithms in terms of (i) success rate for accepting
tasks on a set ofm = 4 andm = 8 processors in the case of arbitrary loads for First-
Fit (FF) and Worst-Fit (WF) bin packing algorithms and (ii) in terms of density of job
migrations. Finally we summarize our conclusions in section 7.

2. System Model

In this paper, we consider the problem of scheduling a sporadic task set on a multipro-
cessor system. We suppose a set ofm identical processors, executing jobs at the same
processor speed. A sporadic task setτ(C,T,D) is a task set composed ofn sporadic tasks,
where C, T and D respectively denote the sets of WCETs, Periods and Deadlines of the
tasks. We also use the notationτ w.r.t. τ(C,T,D) to simplify the notations when possible.
Each sporadic taskτi(Ci, Ti, Di) is defined by:

• Ci: its worst-case execution time (WCET), obtained on any processor;

• Ti: its minimum inter-arrival time (also called, by extension, the period);

• Di: its relative deadline.

Each taskτi generates an infinite set of jobs with a minimum inter-arrival time Ti. For a
job of τi released at timeti, ti +Di is its absolute deadline.

In the state-of-the-art [14], the case where respectively∀τi, Di = Ti (respectively∀τi, Di ≤
Ti ) is referred to as theimplicit deadline(respectivelyconstrained deadline) case. The
case where no specific relation between periods and deadlines is valid for all the tasks
is referred to as thearbitrary deadlinecase. In the following, we assume constrained
deadlines and the following definitions:

• λi =
Ci

min(Ti,Di)
is the density ofτi(Ci, Ti, Di).

• h(t) =
∑n

i=1 hi(t), denotes the processor Demand Bound Function (DBF, [12])
wherehi(t) = Max(0, 1 + b t−Di

Ti
c)Ci. h(t) is the workload resulting from the

execution of all the jobs that have their absolute deadlinesin the time interval[0, t],
in the synchronous scenario (the first jobs of the tasks are released at time 0).

• U =
∑n

i=1
Ci

Ti
is the processor utilization resulting fromτ(C,T,D).

• P = LCM(T1, . . . , Tn) is the Least Common Multiple of the periods of the tasks,
also called the hyperperiod.
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• The scheduling considered is Earliest Deadline First (EDF)preemptive schedul-
ing. EDF schedules jobs that have shorter absolute deadlines first. Ties are broken
arbitrarily.

• π = {π1, . . . , πm} is the set ofm identical processors in charge of executing the
tasks.

• τ
(k)
(C,T,D) denotes the subset of tasks inτ(C,T,D) executed on processorπk. We also

use the notationτ (k) to simplify the notations when possible.

• C
(k)
i denotes the duration of a task (or subtask)τi assigned to processorπk.

3. Related Work

In the uniprocessor case, EDF scheduling, has been proved tobe optimal for scheduling
sporadic tasks. Optimality is defined as the property that any schedulable task set is always
schedulable with EDF (all the jobs of tasks meet their deadlines). Optimality of EDF
is no longer guaranteed in the multiprocessor case. Three main approaches have been
considered for scheduling sporadic tasks on a multiprocessor system: the partitioning
approach (see subsection 3.1), the global scheduling approach (see subsection 3.2) and
the semi-partitioning approach (see subsection 3.3).

3.1. Partitioned scheduling

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

The problem of finding a feasible partitioning is a bin packing problem known to be NP
hard in the strong sense [15]. The state-of-the-art therefore focuses on different partition-
ing heuristics. These include First-Fit, Next-Fit, Best-Fit and Worst-Fit [2], [16]. First-Fit
partitioning heuristics have received more attention.

• First-Fit (FF): tasks are allocated sequentially, one by one to the first processor it fits
into (according to the utilization or the DBF criterion). The process always starts
from processorπ1 up to processorπm.

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

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

• Worst-Fit (WF): the same as BF except that the goal is to maximize the remaining
processor utilization.
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Notice that the goal of BF is to minimize the number of processors by maximizing the load
on each processor. WF can be interesting to spread the tasks over as many processors
as possible to share the load, for fault-tolerance issues, for example to tolerate WCET
overruns ([17]). A variant of these allocation algorithms is first to sort the set of tasks
to be assigned in decreasing values of task density or processor utilization, leading to FF
Decreasing (FFD), BF Decreasing (BFD) or WF Decreasing (WFD) variants.
Examples of First-Fit partitioning are:

• Density-based partitioning. For each task, a density computed from the task param-
eters is considered for the partitioning (see [18] for an exhaustive list of density-
based partitioning heuristics).

• Partitioning based on the demand bound function (DBF) approximation ([14], [1]).

Among these density-based partitioning heuristics, we have, for any taskτi(Ci, Ti, Di),
the utilization parameterCi

Ti
or the density parameterλi = Ci

min(Di,Ti)
([14], [1]). On a

given processorπk, the following condition is used to assign tasks inτ to processorπk:

�
∑

τi(Ci,Ti,Di)∈πk

Ci/Ti ≤ 1 which is only a necessary feasibility condition forτ with

EDF on processorπk. For constrained deadlines, a second step is necessary to check
whether the deadlines can be met while onπk.

�
∑

τi(Ci,Ti,Di)∈πk

Ci/min(Di, Ti) ≤ 1 is sufficient ([19]) to check the feasibility of a

task set onπk. The density partitioning will lead to a feasible partitioning onm ≥ 2
processors if the following condition is satisfied ([20]):

n
∑

i=1

λi ≤

{

m− (m− 1)λmax(τ), ifλmax(τ) ≤
1
2

m
2 + λmax(τ), ifλmax(τ) ≥

1
2

(1)

where,λmax(τ) = maxi=1...nλi

As concerns partitioning based on a DBF approximation, [1] proposes for any taskτi(Ci, Ti, Di),
the approximation ofhi(t), denoted ash∗

i (t), whereh∗
i (t) = Ci + Ui × (t − Di) for any

time t ≥ Di and0 otherwise. The DBF partitioning will assign taskτi(Ci, Ti, Di) to a
processorπk if τi(Ci, Ti, Di) satisfies the following condition, with already assigned tasks
onπk ([20]):

{

(Di −
∑

τj(Cj ,Tj ,Dj)∈πk
h∗
i (Di)) ≥ Ci

(1−
∑

τj(Cj ,Tj ,Dj)∈πk
Uj) ≥ Ui

(2)

George& al. propose in [16] a Worst-Fit Decreasing heuristic based on the load(τ ) func-
tion. The load(τ ) function is the cumulative execution requirement generated by jobs of
the tasks inτ on any time interval divided by the length of the interval andis defined as
([21]):

load(τ) = Supt∈R+∗

{

h(t)

t

}

(3)
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The goal of the heuristic given by [16] is to maximize the remaining processor utilization
characterized by the function1− load(τ (k)) on each processorπk.

Finally, if a sporadic task set is schedulable with the partitioning approach onm identical
processors then it can be scheduled with EDF with the DBF partitioning for any task
τi(Ci, Ti, Di), with processors having a speed [14]:

� (4− 2
m
) times as fast as the original processor speed for arbitrary deadlines.

� (3− 1
m
) times as fast as the original processor speed for constrained deadlines.

3.2. Global scheduling

A recent paper [7] has shown through some experiments that cache migration delays can
be equivalent to preemption delays for a system under load. The evolution of current 3D
architectures [8] also tends to reduce migration-related penalties. Thus, it would be inter-
esting to compare the schedulability of partitioned and semi-partitioned algorithms with
some of the main results for the schedulability of global EDF:

• Goossens& al. [22] prove a utilization-based schedulability test called GBF.

• Baker [23, 24] offers a different approach based on the analysis of the workload.
This test is similar to GBF in implicit deadline systems but incomparable for con-
strained deadline systems.

• Baruah [25] proposes a parallel condition derived from the computation of the de-
mand bound function.

• Baker and Baruah [26] base their schedulability test on the computation of theload
function. Previous sufficient schedulability tests related to theload function have
been presented but this test is shown to surpass them.

• Bertogna& al. [27] present an iterative approach based on the slack of each task.
This information is used to estimate the interfering workload in a scheduling win-
dow. Bertogna has named this test BCL.

• Bertogna& al. [13] introduce RTA which is a schedulability test based on an itera-
tive estimation of the worst case response time of each task.

• Baruah& al. [28] focus on the demand bound function to derive a sufficient schedu-
lability test. This test has the smallest possible processor speedup factor of(2− 1

m
)

for EDF.

In [10], Bertogna compares the main existing results in thisarea. All these conditions
are evaluated according to the number of task sets that are detected to be schedulable.
Since these schedulability tests are incomparable in termsof task sets detected schedula-
ble, Bertogna proposes the algorithm COMP based on the sequence of the best previous
techniques. According to this study, COMP and RTA appear to detect the largest number
of schedulable task sets. Since the improvement given by COMP seems limited compared
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to the amount of additional computation required, we chose to implement RTA in this
study.
The procedure of RTA is implemented according to that presented in [10]. They show
how to compute iterativelyRub

k , an estimated worst case response time of each taskτk.
The iteration starts withRub

k = Ck and ends if either the recursive equation has con-
verged orRub

k > Dk. Slb
i represents the slack of the task and is initialized to0. If

the operation fails,τk is marked as ”potentially not schedulable”, otherwise we assign
Slb
i = Dk −Rub

k .
The equation ofRub

k is as follows :

Rub
k ← Ck +

⌊

1

m

∑

i 6=k

min (Wi(R
ub
k ), Ii

k, R
ub
k − Ck + 1)

⌋

(4)

with :
Wi(t) =

⌊

t+Di − Ci − Slb
i

Ti

⌋

Ci +min (Ci, (t+Di − Ci − Slb
i )modTi) (5)

I
i
k =

⌊

Dk

Ti

⌋

Ci +min (Ci,max(DkmodTi − Slb
i , 0)) (6)

After having computed allRub
k , if no task has been marked as ”potentially not schedula-

ble”, we declare the task set to be schedulable. Otherwise, anew iteration is computed.
We stop if the task set is declared as schedulable or if, in thelast iteration, no slack has
been updated. In this case, the task set is declared as being not schedulable.

3.3. Semi-partitioned scheduling

The concept of semi-partitioned scheduling was introducedby Anderson& al in [29]
where the authors define two classes of tasks : those assignedto only one processor, and
those assigned to two different processors. Tasks assignedto two processors are called
migratingtasks while those assigned to only one processor are calledfixedtasks.

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., migration at the job level). A

job is executed on one processor but successive jobs of a taskcan be executed on
different processors. In this paper, we considerRound Robin job migrations.

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

EDF-fm [29] belongs to the second category. It splits jobs between two processors allo-
catingr jobs overs to a processor with the indexp, and the other jobs (s-r over s) to a
processor with the indexp+1. The number of migrations is reduced and the total utiliza-
tion of this task can be adapted on each processor. However, EDF-fm is best suited to soft
real-time systems since it cannot guarantee the deadlines of fixed tasks.

In terms of migrations, the following algorithms are classified in the third category (job
portion migration). They split tasks according to their WCET between two or more pro-
cessors. Parts of the migratory job are executed on separateprocessors, but simultaneity
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of execution is not allowed.

Anderson& al. [29] lay the foundations for the assignment of tasks on processors. The
principle is to fill each processor sequentially. If the remaining capacity of a processor
with indexp is not large enough to receive the entire task, this task is split into two parts.
The first part is assigned to fill processorp and the second part is assigned to processor
p+1. Thus, there are at most two migratory tasks on each processor andm-1migratory
tasks in the whole system. This technique is similar to aNext-Fit bin-packingheuristic
with task splitting. All the following algorithms up to EDHS[30] use this assignment.

• EKG[31] offers a complex but optimal solution to this problem. According to a
parameterK which defines the size of each group of processors accepting migratory
tasks, EKG is able to adapt the utilization bound and the number of preemptions.
Since a migration only happens when a task is preempted, reducing the number
of preemptions tends to reduce the number of migrations. Although whenK = m,
EKG is optimal with a utilization bound of 100%, it incurs more preemptions.

• EDDHP (originally named Ehd2-SIP)[32] reduces the number of preemptions and
increases the success ratio with regard to partitioned algorithms. EDDHP is outper-
formed by EKG in terms of its success ratio but is more convenient to implement
and to use in practical cases.

• Kato & al introduce the notion ofportion and named their algorithmsportioned
scheduling. In [32], the utilization is shared on two processors. Furthermore, the
authors propose an optimization that will be important subsequently. They may
find a task set unschedulable according to their algorithm but schedulable with a
simple partitioning algorithm such as EDF-FF. It proves that their splitting method
may degrade schedulability compared to some nonsplitting methods. Thus, they
optimize their algorithm to deal with this case.

• EDDP [33] improves the schedulability of EDDHP by introducing some mecha-
nisms of EKG. Indeed, these algorithms distinguish two types of tasks based on
their utilization: light tasks and heavy tasks. EDDP is still easier to implement than
EKG and guarantees a new utilization bound of 65% with fewer migrations.

• RMDP [34] is a static priority version of EDDHP. Kato& al. claim that a static
priority scheduling is still widely used and it does not suffer from the domino-effect
problem or the disadvantage of varying jitter in periodic execution.

• EDHS [30] suggest fundamentally changing the assignment oftasks on processors.
For all previous algorithms, except for the optimization ofEDDHP, if some task
causes the total utilization of a processor to exceed its utilization bound, the WCET
of this task is always split into two portions. For EDHS, a simple partitioning is
performed before splitting the WCET of a task. If the partitioned scheduling fails,
the remaining WCET portions are shared on two or more processors. Each part
of the task is defined in order to fill a processor. Kato& al. chose to attribute at
most one migrating task to each processor. A task always migrates in the same way,
between the same processors and at the same time of their execution. Here, the
notion ofsemi-partitionedscheduling takes its full meaning.
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• DM-PM [35] is a static priority version of EDHS. If tasks are sorted by decreasing
deadlines before assignment, migratory tasks naturally have a higher priority than
fixed tasks. The scheduling of migratory tasks is thus easier.

• EDF-WM [3] tries to adapt the simplification introduced in DM-PM to dynamic
priority scheduling. Thus, a task is split according to its WCET but its deadline is
also portioned into local deadlines used on each processor executing the task. This
defines a window during which a subtask should be executed. The local deadline
of a taskτi(Ci, Ti, Di) is equal toDi/s (fair local deadline) wheres is the number
of processors executing the task. WCETs are chosen to fill theprocessor w.r.t. to
the fair local deadline. Schedulability analysis and complexity of the scheduler are
improved with this technique. The implementation is also easier if we consider
subtasks as independent tasks with a delayed release time.

• SPA2 [36] assigns tasks according to a Worst-Fit heuristic.The tasks that cannot
be assigned to a single processor are split into subtasks such that the sum of the
WCETs of all the subtasks is equal to the WCET of the task. A subtask released at
time t on a processorπk is migrated at time t+R where R is the worst case response
time of the subtask onπk. The authors show that the utilization bound obtained
with SPA2 is equal ton(2

1
n − 1), the Liu& Layland’s bound defined in [37], that

tends towards69.3%, where n is the number of tasks.

• In [38], the authors introduce the EDF-SS(DMIN/δ) algorithm. The basic idea
of this algorithm is to split tasks that cannot be scheduled on only one processor,
between two processors. The WCETs of these tasks are dividedinto slots of length
equal toDMIN/δ whereDMIN is the minimum of all deadlines and periods and
δ > 1 is an integer parameter that is configurable. The smaller thevalue, and
the smaller the slot size, the more migrations. The slots reserved for a task on
any two different processors are synchronized in time. Tasks that are split have a
higher priority than tasks executed on a single processor. This approach was first
considered in the case of implicit deadlines in [39].

• In [40], the authors introduce the PDMSHPTS DS algorithm based on Partitioned
Deadline-Monotonic Scheduling (PDMS) with the Highest Priority Task Split (HPTS)
heuristic. With this approach, the task having the highest priority on a processor that
cannot be executed on a single processor is split between twoprocessors. Tasks are
allocated in the Decreasing order of Size (density in our paper). The authors assign
local deadlines for a taskτi (highest priority) equal toDi on the first processor ex-
ecutingτi andDi − C

(first)
i on the second processor, whereC

(first)
i is the WCET

of τi on the first processor, also equal to its worst case response time. They show
that the PDMSHPTSDS achieves a utilization bound of65% (compared to50%
[2],[3]).

In table 1, we summarize the properties of the semi-partitioned scheduling algorithms
described above.
We can conclude from this state-of-the-art of semi-partitioned scheduling that the ten-
dency is to find an algorithm able to schedule more task sets than both partitioned schedul-
ing with fewer migrations and global scheduling. The complexity of implementation is
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Table 1: Some existing algorithms based on semi-partitioned scheduling

Name Ref. System properties Priority of Scheduling of
migratory tasks non-migratory tasks

EDF-fm [29]
Implicit Deadlines
Sporadic/Periodic

Identical processors
Highest/Fixed priority Managed with EDF

EKG [31]
Implicit Deadlines
Sporadic/Periodic

Identical processors
Highest/Fixed priority Managed with EDF

EDDHP [32]
Implicit Deadlines

Periodic
Highest/Fixed priority Managed with EDF

EDDP [33]
Implicit Deadlines

Periodic

Managed with EDF and
specific priorities between

portions to ensure
non-simultaneity

of execution

Managed with EDF

RMDP [34]
Implicit Deadlines

Periodic
Highest/Fixed priority Managed with RM

EDHS [30]
Implicit Deadlines
Sporadic/Periodic

Highest/Fixed priority Managed with EDF

DM-PM [35]
Constrained Deadlines

Sporadic/Periodic
Identical processors

Highest/Fixed priority Managed with DM

EDF-WM [3]
Arbitrary Deadlines
Sporadic/Periodic

Identical processors

Managed with EDF.
WCETs are split to fill
processor utilization.

Migration at local fair deadlines

Managed with EDF

SPA2 [36]
Implicit Deadlines
Sporadic/Periodic

Identical processors

Highest/Fixed priority
Migration at local

Worst Case Response Time
Managed with RM

EDF-SS(DMIN/δ) [38], [39]
Arbitrary Deadlines
Sporadic/Periodic

Highest/Fixed priority.
WCETs are split into reserved

slots of lengthDMIN/δ
Managed with EDF

PDMS HPTSDS [40]
Constrained Deadlines

Sporadic/Periodic

Highest/Fixed priority.
WCETs are split into two portions
Local deadlines for each portions

Managed with DM

also a point to consider. EDF-fm is based on migrations at jobboundaries which leads
to a simple implementation but the version proposed is only designed for soft real-time
scheduling. Other algorithms presented in this study focuson job portion migration and
split tasks into subtasks, of WCETs based on the WCETs of the tasks. This leads to an op-
timal algorithm (EKG) but this solution is quite difficult toimplement. With suboptimal
algorithms, Kato& al. were able to achieve simpler algorithms with reasonableutilization
bound and fewer migrations. We initially study this problem(see section 5.1), when the
migration of a job occurs at its local deadline.
However those approaches require using an operating systemthat keeps track of job cpu
consumption in order to migrate a job when it has been executed. Many operating sys-
tems offer execution overrun timers to specify that a job hasbeen executed for a given
duration (e.g. [41] in AUTOSAR OS, [42] in Real-Time Specification for Java: RTSJ).
Nevertheless, the migration time is not necessarily identical to the time when an execution
overrun occurs. This might introduce time overhead in the management of such timers
to adapt them to task migration. Moreover, a migration during the execution of a job re-
quires transferring the execution context between processors, which can prove costly on
a multiprocessor system.
In this paper, we also consider another approach, based on Round Robin job migrations
(EDF-RRJM), presented in section 5.2. It is based on migrations at job boundaries.
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4. Revisiting uniprocessor feasibility conditions

4.1. Revisiting the load(τ(C,T,D)) function

Let τ(C,T,D) be a task set ofn sporadic tasks whereC = (C1, . . . , Cn), T = (T1, . . . , Tn)
andD = (D1, . . . , Dn) are respectively the set of WCETs, periods and deadlines of the
tasks. A taskτi(Ci, Ti, Di) is defined by theith elements of the three sets C,T and D.
We recall that the load(τ(C,T,D)) is the cumulative execution requirement generated by
jobs of the tasks inτ on any time interval divided by the length of the interval. The
load(τ(C,T,D)) function is defined as [21]:

load(τ(C,T,D)) = Supt∈R+∗

{

h(t)

t

}

(7)

The load(τ(C,T,D)) function has been considered as an interesting function toprovide a
sufficient feasibility condition for global EDF scheduling([43]). In the uniprocessor con-
text, the load(τ(C,T,D)) function provides a necessary and sufficient feasibility condition
for EDF on a uniprocessor:load(τ(C,T,D)) ≤ 1. Fisher& al, in [21], show how to com-
pute the load(τ(C,T,D)) function, leading to theorem 1 (we recall that P is the leastcommon
multiple of the periods):

Theorem 1. [21] Let τ(C,T,D) be a sporadic task set.

load(τ(C,T,D)) = Supt∈R+∗

{

h(t)
t

}

=

Max
{

U, Supt∈S

{

h(t)
t

}}

≤ 1, whereS =
⋃n

j=1

{

Dj + kj Tj, 0 ≤ kj ≤
⌈

P−Dj

Tj

⌉

− 1
}

.

In [44], George& al. show that this expression can be used to characterize thespace of
feasible WCETs. Considering the WCETs inX = (x1, . . . , xn) as variables andD, T
as constants, theload(τ(X,T,D)) ≤ 1 condition defines a set ofs + 1 constraints, where
the firsts constraints are derived from the set of elements inS wheres is the number of
elements inS and the(s+ 1)th constraint is derived from the load utilization (U ≤ 1).

They show how to prune the setS, for the computation of load(τ(X,T,D)), to extract the

subset of elements inS representing the most constrained times whereSupt∈R+∗

{

h(t)
t

}

can be obtained.
For any timeti ∈ S, they formalize as a linear programming problem the question of
determining whether a timeti is relevant inS or if it could be ignored. For each timeti the
goal is to maximize the objective functionh(ti) taking into account thes− 1 constraints,
h(tk) =

∑n
j=1Max(0, 1 + b tk−Dj

Tj
c) xj ≤ tk, 1 ≤ k ≤ s, k 6= i, wherexj is the the

variable representing the WCETs ofτj(xj , Tj, Dj). Theses−1 constraints are constraints
imposed on the WCETs of the tasks without considering the constraint associated to time
ti.
The problem to be solved can be characterized with a linear programming approach, and
is more formally defined as follows:
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Linear Programming Problem: LP 1.

Maximize h(ti)
With x1 ≥ 0, . . . , xn ≥ 0 positive real variables
Under the constraints:
⋃s

k=1,k 6=i {h(tk) ≤ tk}

[44] shows that the space of feasible WCETs is convex. They propose using the simplex
algorithm to solve LP1. If for timeti, h(ti) ≤ ti when thes−1 constraints on the WCETs
h(tk) ≤ tk, 1 ≤ k ≤ s, k 6= i, are imposed, then adding the constrainth(ti) ≤ ti for
time ti will add more constraints on the possible values of WCETs(x1, . . . , xn). This can
only reduce or leave unchanged the goal functionh(ti). Henceti is not significant for
characterizing the space of feasible WCETs and can then be removed fromS. Otherwise,
time ti should be kept inS.

Performance of the linear programming approach LP1:
We now study the performance of the simplex for pruning the elements in S, in the case
of constrained deadlines (∀i ∈ [1, n], Di ≤ Ti) using an exhaustive example with more
than 3500 constraints in the set S for all the task sets considered. Notice that the number
of constraints in S depends more on the value of the periods than on the number of tasks
(the number of constraints can be small even for a high numberof tasks).
In order to evaluate this impact of the simplex, applied to problem LP1, on the reduction
of the elements in S, we produce 100,000 systems of three tasks. For each system, we
proceed as follows:

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

• The deadline of any taskτi(Ci, Ti, Di) isDi = αTi. α is discretized in the intervals
[0, 0.8] and[0.8, 1] with a granularity of respectively0.1 and0.025.

We focus on the influence ofα 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 elements inS is represented by
the solid line and associated to the left axis as a function ofα. The dotted line refers to
the number of elements obtained after the simplex is appliedto the linear programming
problem LP1 and must be read according to the right axis, as a function ofα.
We notice that the number of elements which curb the C-Space inch-up in [0.1, 0.6] then
plunge downwards whenα tends toward 1. Ifα = 1, we have the special case of implicit
deadlines where the only constraint is the processor utilization constraint:U =

∑n
i=1

xi

Ti
≤

1.
In all cases, we found that the number of constraints before and after pruning the setS
is respectively higher than3570 and less than12. This reduction of elements is valid in
our example for any processor utilization at most equal to 1.For a load less than0.6, the
average number of constraints inS after pruning the elements inS is at most equal to
4. This confirms that the simplex can be very effective to reduce the number of elements
characterizing the space of feasible WCETs. We use this property in the semi-partitioned
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Figure 1: Reduction of elements inS with LP1

section for the portioned partitioning approach (see section 5)

The load(τ(C,T,D)) function has the following properties (see [16]) that we use in section
5 for the problem of semi-partitioned scheduling.
The following property shows that once we have computed the load(τ(C,T,D)) for a task
setτ , it is straightforward to compute the load of a task set whereall the tasks inτ(C,T,D)

have their WCETs multiplied by a real numberα ≥ 0).

Property 1. Let τ(C,T,D) be a task set.load(τ(αC,T,D)) = α× load(τ(C,T,D)).

The ”Sup” ofαh(t)/t is equal toα times the ”Sup” ofh(t)/t.

The following property shows that the load of the union of twotask setsτ(C,T,D) and
β(C′ ,T ′ ,D′) is at most equal to the sum of the load function of each task set.

Property 2. Let τ(C,T,D) andβ(C′ ,T ′ ,D′) be two task sets.
load(τ(C,T,D) ∪ β(C

′
,T

′
,D

′
)) ≤ load(τ(C,T,D)) + load(β(C

′
,T

′
,D

′
))

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

Property 3. Let τ(C,T,D) be a task set. The load corresponding to a transformed task set
where all the tasks inτ have their period multiplied bys is equal to the load corresponding
to a transformed task set where all the tasks inτ have their WCETs and deadlines divided
bys. In other wordsload(τ(C,sT,D)) = load(τ(C/s,T,D/s)).

Proof: From the definition of the load function,load(τ(C,sT,D)) = Supt>0
h(t)
t

=

Supt>0

∑n
i=1 Max(0,1+b

t−Di
sTi

c)Ci

t
.

Hence,load(τ(C,sT,D)) = Supt>0

∑n
i=1 Max(0,1+b

t/s−Di/s

Ti
c)Ci

t
. Let t

′

= t
s
. Changingt to t

′

leads to:load(τ(C,sT,D)) = Supt′>0

∑n
i=1 Max(0,1+b

t
′

−Di/s

Ti
c)Ci/s

t′
= load(τ(C/s,T,D/s)).
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4.1.1. Example using the linear programing approach to compute the load function
Let us consider the following exampleτ(X,T,D) = {τ1(x1, T1, D1), τ2(x2, T2, D2), τ3(x3, T3, D3)}
of three sporadic tasks given in [44], where, for any taskτi(xi, Ti, Di), Ti andDi are fixed,
andxi ∈ R

+, the WCET of taskτi(xi, Ti, Di), is a variable.

• τ1(x1, T1, D1) = τ1(x1, 7, 5);

• τ2(x2, T2, D2) = τ2(x2, 11, 7);

• τ3(x3, T3, D3) = τ3(x3, 13, 10).

In this example, we have:Dmin = 5 andP = 1001. From Theorem 1, we have to consider
the setS of times (absolute deadlines) for the computation ofh(t)/t in the time interval
[5, 1001), whereS is given by:

S = {5 + 7 k1, k1 ∈ {0, . . . , 142}}∪

{7 + 11 k2, k2 ∈ {0, . . . , 90}}∪

{10 + 13 k3, k3 ∈ {0, . . . , 76}} .

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

Applying the linear programming approach on LP1:

The simplex algorithm is applied on the Linear Programming problem LP1, for any time
ti ∈ S, starting from timets down to timet1 (to optimize the computation). We obtain
the following setS after removing all the unnecessary constraints, maximizing h(t)/t for
any set of WCETsX = {x1, x2, x3} ∈ R

+3.

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

From theorem 1, we therefore have:

load(τ(X,T,D)) = Max

{

U, Supt∈S

{

h(t)

t

}}

= Max

{

x1

7
+

x2

11
+

x3

13
,

x1

5
,
x1 + x2

7
,
x1 + x2 + x3

10
,
2 x1 + x2 + x3

12
,
6 x1 + 4 x2 + 3 x3

40

}

.

4.2. Computing of the maximum allowance with EDF

We now show how to compute in theorem 2 the maximum extra duration that can be
granted to a single sporadic taskτi(Ci, Ti, Di), with a sensitivity analysis valid for arbi-
trary deadlines. This duration is denoted as the allowance of τi(Ci, Ti, Di) in [42] and is
the maximum value ofAi such that the task setτi(Ci+Ai, Ti, Di)∪{∪nj=1,j 6=iτj(Cj, Tj , Dj)}
is schedulable, assuming that∪nj=1,j 6=iτj(Cj, Tj, Dj) is schedulable. WhenAi < 0, we
know precisely the maximum acceptable duration ofτi: Ci + Ai. This property is used
to compute the maximum acceptable portion for a task in section 5.1, assuming that the
tasks already assigned to the processor are schedulable.

In the following theorem 2,τ/τi denotes the set of tasks inτ with τi excluded.
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Theorem 2. Letτ/τi be a schedulable task set with EDF. The maximum allowanceAi of a
sporadic taskτi(Ci, Ti, Di) is the solution ofAi = min(mint≥Di

{ t

1+b
t−Di
Ti

c
(1−h(t)

t
)}, (1−

U)Ti).

Proof: The allowance ofτi(Ci, Ti, Di) must satisfy two conditions: (i)∀t ≥ Di, h(t) +
(1 + b t−Di

Ti
c)Ai ≤ t and (ii)U + Ai

Ti
≤ 1.

The first condition (i) leads to:∀t ∈ S, Ai ≤
t

1+b
t−Di
Ti

c
× (1 − h(t)

t
). It follows that

Ai ≤ mint≥Di
{ t

1+b
t−Di
Ti

c
(1− h(t)

t
)}.

The second condition (ii) leads toAi ≤ (1 − U)Ti. Ai is thus the minimum value
satisfying both conditions.

Theorem 2 is an adaptation of a result presented in [45] whereit is shown thatAi =
mint≥Di

{ t

1+b
t−Di
Ti

c
(1− h(t)

t
)}. But if we consider for example a task set composed of only

one taskτ1 = {C1 = 20, T1 = 100, D1 = 120}. We have forτ1, mint≥D1{
t

1+b
t−D1
T1

c
(1 −

h(t)
t
)} = 100 whose maximum value is obtained for timet = 120. Nevertheless, in that

case,(1 − U)T1 = 80. Hence,A1 = 80. Hence, the computation ofAi given in [45] is
not valid for arbitrary deadlines.

4.3. Minimum acceptable deadline with EDF

We now revisit the result of [46] to compute the minimum acceptable deadline of a
task scheduled with EDF and present a modified version in function computeDmin that
addresses some problems we detail in the following. This result is used in section 5.1 to
compute the minimum acceptable deadline for the EDF-MLD-Dmin heuristic.

We present some explanations and counter examples showing our corrections on the
algorithm given in [46] by Balbastre et al. In function computeDmin, lines 8 to 12 have
been added and line 7 has been modified with respect to the original algorithm.

Error with ” t = sTi +Di”. The algorithm proposed by Balbastre et al. does not appear
to include the case where we haveh(t) = t at a timet = sTi + Di, the deadline of the
considered taskτi, with s being a positive integer. Here, the deadline ofτi should not be
reduced and should be kept equal toDi.

For this specific case, the algorithm proposed in [46] does not seem to be perfectly
clear since we do not successfully know if these times have tobe considered or not.
However, in both cases, we show with some examples that the condition is not correct.
If we consider those times, the algorithm will give taskτi a deadline equal toh(t) +Ci−
sTi = Di + Ci > Di leading to a higher deadline thanDi, not the minimum (i.e.Di).
If we do not consider those times, the algorithm can provide deadlines 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 taskτ3 with the original algorithm

we have:

1. For the first iteration, we initializeDmin
3 = C3 = 44
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Function computeDmin : compute the minimum deadline for a taskτi
Input : Taskτi(Ci, Ti, Di), Task setτ(C,T,D)

Output : Minimum deadline forτi
1 P = LCM of periods of tasks inτ(C,T,D);
2 deadline = 0;
3 ki = d

P
Ti
e;

4 Dmin
i = 0;

5 for s=0 to ki-1 do
6 t = sTi +Di;
7 deadline = max(Ci, h(sTi + Ci) + Ci − sTi);
8 if t = h(t) then
9 Dmin

i = Di;
10 exit-for;
11 else
12 t = t− 1;
13 while t > sTi + Ci do
14 if t is an absolute deadline of a taskτj in [0, P ] then
15 if t− h(t) < Ci then
16 deadline = h(t) + Ci − sTi;
17 exitWhileLoop;
18 end if
19 end if
20 t = t− 1;
21 end while
22 end if
23 Dmin

i = max(Dmin
i , deadline);

24 end for
25 return Dmin

i ;

2. We search for absolute deadlines in the interval[C3;D3] = [44; 54]. The only time
to consider ist = 54 which is the deadline of taskτ3.

3. At timet = 54:

• if we consider this time, the new minimum deadline will be equal toDmin
3 =

h(44) + C3 − 0 × T3 = 54 + 44 + 0 = 98 which is higher than the actual
deadline (D3 = 54).

• if we do not consider this time, the final minimum deadline will remain equal
to the initial valueDmin

3 = C3 = 44, which leads to an unfeasible task set
with a load equal to1.2272.

With our modification of lines 8 to 12, we find thath(54) = 54, thush(D3) = D3

and we fix the minimum possible deadline toDmin
3 = D3 = 54. Any reduction of this

deadline will lead to a load higher than 1.

Error with the initialization ”deadline = Ci”. In the original algorithm, the variable
deadlineis initialized asdeadline = Ci. At line 7 of our algorithm, we have replaced this
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Task C T D
τ1 10 54 16
τ2 12 97 91
τ3 44 88 54

Table 2: Task setτ considered as a counter example for the caset = sTi +Di

initialization withdeadline = max(Ci, h(sTi + Ci) + Ci − sTi).

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

Task C T D
τ1 10 55 16
τ2 12 88 80
τ3 44 88 80

Table 3: Task setτ considered as a counter example for the initializationdeadline = Ci

Computing the minimum acceptable deadline for taskτ3 with the original algorithm
leads to the following:

1. For the first iteration, we initializeDmin
3 = C3 = 44

2. We search for absolute deadlines in the interval[C3;D3] = [44; 80]. We have to
consider timest = 80, deadline of tasksτ2 andτ3 andt = 71, the second deadline
of taskτ1.

3. At timet = 80:

• if we consider this time, the new minimum deadline ofτ3 will be equal to
Dmin

3 = h(80) + C3 − 0× T3 = 76 + 44 + 0 = 120 which is higher than the
actual deadline (D3 = 80).

• if we do not consider this time, the minimum deadline remainsequal to the
initial valueDmin

3 = C3 = 44 which leads to an unfeasible task set with a load
equal to1.2272.

4. At timet = 71:

• We haveh(71) = 20 andt − h(t) = 71 − h(71) > C3 = 44 thus this time
is ignored and the minimum acceptable deadline forτ3 remains equal to44 or
120 according to the previous point.

With our modification of line 7, we will initializeDmin
3 = max(C3, h(0× T3 +C3) +

C3 − 0 × 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 semi-partitioned scheduling problem:
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• The first solution, presented in subsection 5.1, is an extension of the solution pro-
posed by Kato& al. ([3]), for the portioned scheduling of tasks. We show that the
solution in [3] corresponds to the case where all the processors apply jitter cancel-
lation before migrating the job of a task at a local deadline function of the deadline
of the task. With jitter cancellation, the job inter-arrival times are identical on all
the processors executing a portion of a job. Hence, the feasibility conditions done
on each processor are independent and no jitters should be taken into account in
the feasibility conditions. We establish a generic feasibility condition valid for dif-
ferent local deadline assignment heuristics. We then propose a new local deadline
assignment based on the minimum acceptable local deadline for a task on all the
processors executing it.

• The second solution, presented in section 5.2, is based on job partitioning. With job
partitioning, migrations only occur at job boundaries. We propose executing a task
on s ≤ m processors according to a Round Robin job migration of jobs between
thes processors. A processor therefore executes the job of a task1 time out ofs.

In both cases, we first try to assign the tasks according to a partitioning heuristic. For
the simulations in section 6, we consider two heuristics: First-Fit Decreasing (FFD) and
Worst-Fit Decreasing (WFD). We use the density parameterλi =

Ci

min(Ti,Di)
for the de-

creasing policy. Any task setτ(C,T,D) is indexed by decreasing value ofλi =
Ci

min(Ti,Di)
.

We use a necessary and sufficient condition to assign the tasks to a processor:∀πk, k ∈
[1, m], load(τ (k)) ≤ 1. load(τ (k)) is equal toload(τ) with WCETs of tasks not assigned
to processorπk equal to 0.

We use the same approach as that given in [44] to reduce the complexity of the computa-
tion of load(τ), by first applying a linear programming approach (see section 4.1) to re-
duce the number of elements characterizing the load function, before using theload(τ(X,T,D))
function in the partitioning heuristics.

5.1. Portioned semi-partitioned scheduling

With portioned semi-partitioned scheduling, the job of a task τi(Ci, Ti, Di) that cannot be
executed on a single processor is portioned and executed by subtasks on a set of proces-
sors. We investigate the solution where a local deadline is assigned to each subtask. When
the WCET of a task is portioned to be executed on2 ≤ si ≤ m processors, this results
in si − 1 migrations. The migration occurs w.r.t to the release time of a job, at the local
deadline of the job.

The problems considered for portioned semi-partitioning are therefore:

• To find a local deadline assignment heuristic for the task on each processor execut-
ing the task.

• To find a portioning heuristic for the WCET of a task.
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These two heuristics are mutually dependent (the duration of a portion depends on the
local deadline chosen). Kato& al. ([3]) present a portioning heuristic that minimizes
the number of processors required to execute a task by assigning the maximum possible
duration to the WCET of a portion while preserving the schedulability of the task. We
adopt the same principle for the portioned heuristic we study as it minimizes the number
of processors required to execute a task, and hence reduces the number of migrations.
We revisit the solution proposed by Kato& al. in [3]. We use theorem 2 to compute the
WCET of a portion from the allowance of a task.

As regards the local deadline assignment heuristic, we describe different local deadline
assignment heuristics in section 5.1.1. Using simulations, we study the performance of
different local deadline assignment strategies in section6.

If we do not control the migration times, a task can experience release jitter that increases
with the number of processors executing the task. This problem is well known in dis-
tributed systems. The holistic approach ([47]) has been considered to compute the worst
case end-to-end response time of a sporadic task, taking into account the jitter resulting
from all the visited nodes. With this approach, the worst case response times on each node
are not independent and the jitter increases with the numberof processors used.

We propose a solution based on jitter cancellation. With jitter cancellation, we cancel
the release jitter of jobs before migrating them. The job arrival pattern is therefore the
task arrival pattern (sporadic) on all processors. We are then able to apply a uniprocessor
feasibility condition on any processor that only depends onthe subtasks assigned to the
processors. [48] propose, for example, this technique in the context of distributed systems.

Definition 1. With jitter cancellation, a job of taskτi(C
(k)
i , Ti, Di) released at timeti on

a processorπk will do a migration at timeti+D
(k)
i , whereD(k)

i is the local deadline ofτi
onπk. The duration ofD(k)

i is chosen to be at least equal to the worst case response time
of τi onπk.

The generic scheduling we propose is denoted as EDF-MLD-* (EDF scheduling with
Migration at the Local Deadline of the job of a subtask). We use the notation EDF-MLD-
WM for the solution proposed by Kato& al. [3].

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

Proof: With a migration as proposed in definition 1, we cancel the possible release jitter
on the following processors. The worst case response time ofa job on a processor (or a
portion of a job) thus only depends on the jobs executed on theprocessors with no release
jitter. With jitter cancellation, the recurrence of subtasks is in a identical pattern on the
different processors.

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

Figure 2 illustrates the principle of migration at the localabsolute deadline of jobs.
Theorem 3 is a generic feasibility condition for portioned EDF scheduling when migra-
tions occur on processorπk for a job of subtask ofτi released at timeti at timeti +D

(k)
i .

Theorem 3. Let τi be a task executed on2 ≤ s ≤ m processors by portioned EDF
scheduling. Suppose that the migration of a subtask ofτi released at timeti on πk ∈

[1, s − 1] occurs at timeti + D
(k)
i . A necessary and sufficient feasibility condition for a

taskτi is:

•
∑s

i=1C
(k)
i = Ci

• ∀k ∈ [1, s], the local deadlinesD(k)
i are met.

•
∑s

i=1D
(k)
i ≤ Di

Proof: The first condition ensures that the task can be entirely executed ons proces-
sors. The second condition checks on each processor involved πk that the local deadlines
assigned to a subtask of taskτi are met. This can be done by a classical uniprocessor
feasibility condition, based on the worst case response time of a job for fixed priority
scheduling [49] or based on the load(τ(C,T,D)) for EDF (see section 4). The third condi-
tion checks that the sum of local deadlines ofτi on thes processors is at most equal to the
deadlineDi.

Using algorithm 1, we now describe the solution used to decide on the schedulability of
a sporadic taskτi for a portioned semi-partitioned scheduling. As in [3], we first try to
assign as many tasks as possible with a classical First-Fit or Worst-Fit heuristic. The goal
is to keep the number of migrating tasks to a minimum. Algorithm 1 is called for each
task one by one, when a classical FF or WF heuristic fails to schedule a task on only
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one processor. The first step is to compute local deadlineD
(k)
i and allowanceA(k)

i on
each processorπk, k ∈ [1, m], for the subtask of taskτi we want to assign. We then
use the Sort-processors() function to sort the processors list either by decreasing order of
allowance or by increasing processor utilizations, depending on the local deadline assign-
ment heuristic used to assign local deadlines (see section 5.1.1). The maximum duration
of the portion that canbe assigned to the firstsi processors forτi is equal to

∑si
k=1C

(k)
i,max,

whereC(k)
i,max = Ci+A

(k)
i . The durationA(k)

i < 0 as by construction,τi cannot be executed

on si − 1 processors.A(k)
i is computed by thecomputeAllowance(C, T,D, Processor)

function that can be implemented from theorem 2. We then check if the sum of the
WCETs that could be given toτi on si processors is at least equal toCi. If this is the case
thenτi can be assigned to thesi processors, otherwise,si is increased by 1 and so forth
until reachingsi = m. If we proceed the execution of the algorithm until the last line (line
17), this means that taskτi cannot be assigned tom processors.

Algorithm 1: Generic algorithm for the assignment ofτi on processors
Input : Processor setπ, Task setτ(C,T,D), Taskτi(Ci, Ti, Di) in τ(C,T,D)

Data: si, k are Integers
1 for si=2 to mdo
2 for k=1 to si do
3 D

(k)
i = computeLocalDeadline();

4 A
(k)
i = computeAllowance(Ci, Ti, D

(k)
i , πk);

5 end for
6 Sort-processors(si);
7 [Sort processors by decreasing allowances or increasing processor

utilizations];
8 for k = 1 to si do
9 C

(k)
i,max = Ci + A

(k)
i ;

10 end for

11 if
∑si

j=1C
(j)
i,max ≥ Ci then

12 [Taskτi can been assigned tosi processors];
13 assignTask(τi, si);
14 exitProgram();
15 end if
16 end for
17 notFeasible(τi);

The result of this algorithm, when every task can be scheduled is:

• For each task, the set of processors executing it;

• The WCETs of the portions of each subtask on each processor

• The local deadlines used for each task on each processor

We now establish the feasibility conditions for the portioned semi-partitioning problem in
a particular case of migration at fair local deadlines. We consider the case where a task
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that cannot be executed on a single processor is portioned ona set ofsi > 1 processors.
Migration occurs at the local deadlines equal toDi

si
w.r.t. the job release time for all

the si processors. This is the case considered by Kato& al. in [3]. We show that the
load(τ(C,T,D)) function can help provide a generic feasibility conditionin that case.
The notations used w.r.t. the portioned partitioning problem are the following:

• τ(X,T,D) is a sporadic task set, whereX = (x1, . . . , xn) is a set of WCETs variables,
T and D a set of fixed periods and deadlines.

• τ
(k)

(X(k),T,D(k))
denotes the set of tasks inτ(X,T,D) assigned to processorπk with WCET

portions variables defined in the setX(k) = (x
(k)
1 , . . . , x

(k)
n ), a set of fixed periods

T, a set of local deadlines deadlinesD(k). By convention,x(k)
i = 0 means that no

portion of taskτi(xi, Ti, D
(k)
i ) is assigned to processorπk.

• load(τ (k)
(X(k),T,D(k))

) denotes the load function of task setτ
(k)

(X(k),T,D(k))
obtained from

task setτ(X,T,D) assigned to processorπk.

• D
p

denotes the set of deadlines where all the deadlines inD are divided byp ∈
N , p > 1.

Consider a task set composed ofm×n tasks:τ(X1,T,D)∪ τ(X2,T,
D
2
) ∪ . . .∪ τ(Xm,T,D

m
). This

task set is composed of all the tasks inτ with all possible fair local deadlines.Xi denotes
a set ofn WCETs variables andX(k)

i denotes a set of portions of WCETs for the tasks
assigned to processorπk.

We now propose a feasibility condition for the portioned EDFsemi-partitioned with
fair local deadline assignment in theorem 4. When considering a particular portioning
of the tasks,C(k,s) denotes in theorem 4 the set of WCETs portions of all the taskson
processorπk when portions have a corresponding deadline inD/s (the WCET of a portion
is equal to 0 if the task is not assigned).

Theorem 4. Let τ(C,T,D) be a task set scheduled using EDF onm processors accord-
ing to an arbitrary portioned semi-partitioning with a fairlocal deadline assignment.
A necessary and sufficient feasibility condition for the EDFpartitioned scheduling is:
∀k ∈ [1, m], load(τ

(X
(k)
1 =C(k,1),T,D)

∪ τ
(X

(k)
2 =C(k,2),T,D

2
)
∪ . . . ∪ τ

(X
(k)
m =C(k,m),T,D

m
)
) ≤ 1.

Proof: The load function is computed form× n tasks in all configurations of fair dead-
lines. When considering a particular portioning of the tasks in the setC(k,s) on processor
πk having corresponding deadlines inD/s, the WCET of a portion is equal to0 if a
portion of the task is not assigned to processorπk. This condition checks that the load
corresponding to the tasks really assigned to processors isat most equal to 1.

By applying the linear programming approach LP1 to reduce the number of elements in
S that are needed to compute the load function, we obtain a generic feasibility condition
to decide on the schedulability of a fair portioned semi-partitioning.
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5.1.1. Local deadline assignment heuristics
Several local deadline assignment heuristics have been proposed for the local deadlines.
We adapt the proposed heuristics to the context of a taskτi being executed on a set ofs
processors according to a semi-partitioned scheduling.

We cite three local deadline assignments proposed in [50] (in the context of a network
composed of heterogeneous segments, which corresponds to the case of uniform multi-
processors). The performance of these local deadline assignments is studied in section 6.
For any taskτi, the local deadlineD(k)

i on processorπk, k = 1, . . . , s can be defined as
follows for EDF scheduling:

• The first method is thefair local deadline assignmentand corresponds to EDF-
MLD-WM scheduling in the simulations: assign for a subtask of τi a local deadline
Di

s
. This corresponds to the solution proposed by Kato& al in [3].

• The second solution is thefair deadline and fair WCET assignmentsand corre-
sponds to EDF-MLD-Fair scheduling in the simulations. Thisalgorithm is the sim-
plest since it distributes WCET and deadlines fairly among the processors.

• The third solution assigns a local deadline proportional tothe sum of the processor
utilizations, referred to in the simulation section EDF-MLD-U, that is: D(k)

i =
Uk∑s
j=1 Uj

Di, whereUk is the processor utilization of all the tasks and subtasks already

assigned toπk including the processor utilization of the subtask ofτi onπk.

5.1.2. The EDF-MLD-Dmin scheduling
We now consider a fourth local deadline assignment denoted as EDF-MLD-Dmin based
on an optimization of EDF-MLD-WM. The principle of this local deadline assignment is
to consider the deadline margin on each local deadlineDi

s
after the maximum WCET com-

putation. This margin is computed according to the minimum local deadline computation
presented in section 4.3. If a subtask can be assigned to processorπk, the minimum local
deadline (D(k)

imin
) is computed and the differenceDreserve =

Di

s
−D

(k)
imin

is given to the fol-
lowing processor in order to increase the allowance of the portion of WCET that can be as-
signed to it. The next processor can use a deadline equal toDi

s
+Dreserve and is likely to in-

crease its allowance. A detailed procedure is given in function tryToSplitAndAssignTask.
We study the performance of this local deadline assignment heuristic in section 6.
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Function tryToSplitAndAssignTask : Assigns local deadlines w.r.t.to EDF-MLD-
Dmin heuristic
1 [m is the number of processors inπ] ;

Input : Processor setπ, Taskτi(Ci, Ti, Di)
Output : True if the task has been assigned,Falseotherwise

2 Dreserve ← 0;
3 for si=2 to mdo
4 for k=1 to si do
5 for l=1 to m do
6 D

(l)
i = Di/si +Dreserve;

7 A
(l)
i = computeAllowance(Ci, Ti, D

(l)
i , πl);

8 end for

9 [πg is the processor with the greatest allowanceA
(g)
i = maxl=1...m(A

(l)
i ) in

order to reduce the number of subtasks]
10 C

(k)
i,max = Ci + A

(g)
i ;

11 D
(k)
i = computeDmin(C

(k)
i,max, Ti, D

(k)
i , πg);

12 Dreserve = Di/p−D
(k)
i ;

13 end for

14 if
∑si

j=1C
(j)
i,max ≥ Ci then

15 [Taskτi can be assigned tosi processors];
16 [If Dreserve > 0 it will be re-assigned uniformly];
17 assignTask(τi, si);
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 job migrations at job boundaries
(see section 3.3), that consists of assigning the subtasks of a task to a set of processors in
the following way.

Definition 2. Let τi be a task assigned to a set ofs ≤ m processors according to a job
partitioning heuristic. The job partitioning is a Round Robin Job Migration heuristic if
the job migrations ofτi follow a Round-Robin pattern: first onπ1, then onπ2, . . ., then
onπs, then onπ1 and so forth.

When tasks are strictly periodic and the first release ofτi occurs at time 0 on processorπ1,
we obtain the following pattern of arrivals on thes processors: thekth job of τi is released
at time(k − 1)Ti on processor((k − 1)Mod s) + 1, whereMod stands for the modulo
function.
This leads to releasing the jobs ofτi on each processor executing it, with a period equal
to s× Ti.
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Consider the task setτ(X1,T,D) ∪ τ(X2,2T,D) . . . ∪ τ(Xm,mT,D). This task set is composed of
m× n tasks having periods equal toT, 2T, 3T, . . . , mT , deadlines equal to the deadlines
in D and WCETs defined by the sets of WCET variablesX1, X2, . . . , Xm.
Theorem 5 provides a necessary and sufficient feasibility condition for the schedulability
of a sporadic task set scheduled with the semi-partitioned EDF scheduling onm proces-
sors according to a EDF-RRJM scheduling.C(k,s) denotes in theorem 5 the set of WCETs
of all the tasks on processorπk when tasks have a corresponding period insT (the WCET
of a subtask is equal to 0 if not assigned).

Theorem 5. Let τ(C,T,D) be a task set scheduled with the semi-partitioned EDF-RRJM
scheduling onm processors. A necessary and sufficient feasibility condition for EDF-
RRJM semi-partitioned scheduling is:∀k ∈ [1, m], load(τ

(X
(k)
1 =C(k,1),T,D)

∪τ
(X

(k)
2 =C(k,2),2T,D)

∪

. . . ∪ τ
(X

(k)
m =C(k,m),mT,D)

) ≤ 1.

Proof: The proof is similar to that provided in theorem 4.

By applying the linear programming approach LP1 to reduce the number of elements in
S that are needed to compute the load function, we obtain a generic feasibility condition
to decide on the schedulability for the semi-partitioned scheduling with Round Robin job
migrations.

5.3. Example of the application of the load function

For this example, we generate the following task setτ described in table 4:

C T D
x1 70 60
x2 110 72
x3 130 84

Table 4: The task setτ considered

In the case ofm = 4, we generate task setsτ(C,2T,D), τ(C,3T,D) andτ(C,4T,D) equivalent to
τ with the period of each task multiplied by respectively 2, 3 and 4. Finally, we define
τST = {τ(C,T,D) ∪ τ(C,2T,D) ∪ τ(C,3T,D) ∪ τ(C,4T,D)}. In the same way, we generate the
task sets where the deadlines and WCETs are respectively divided by 2, 3 and 4 leading
to the task sets:τ(C

2
,T,D

2
), τ(C

3
,T,D

3
) andτ(C

4
,T,D

4
). Finally we generate the task setτSD =

τ(C,T,D) ∪ τ(C
2
,T,D

2
) ∪ τ(C

3
,T,D

3
) ∪ τ(C

4
,T,D

4
)

Table 5 shows the results of the simplex algorithm on these task sets. The list of the ele-
ments to consider in order to compute theload(τ ) function is given in the third column.
We can see the performance of the simplex algorithm applied to LP1 optimization prob-
lem (see section 4.1).

Let us do a numeric application to verify property 3 ons = 2 processors i.e. that
load(τ(C,2T,D)) = load(τ(C

2
,T,D

2
)). We choosex1 = 20, x2 = 48 andx3 = 36.
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Table 5: Elements inS to consider in theload computation according to the result of the
simplex algorithm

Task sets
Number of elements

in [Dmin, P ]
With simplex algorithm

Number of elements List of elements

τ(C,T,D) 311 7
60, 72, 84, 130, 200,

410, 622

τ(C,2T,D) 311 3 60, 72, 84
τ(C,3T,D) 311 3 60, 72, 84
τ(C,4T,D) 311 3 60, 72, 84

τST 3732 7
60, 72, 84, 130, 200,

410, 622

τ(C/2,T,D/2) 311 3 30, 36, 42
τ(C/3,T,D/3) 311 3 20, 24, 28
τ(C/4,T,D/4) 311 3 15, 18, 21

τSD 1223 22

15, 18, 20, 21, 24
28, 30, 36, 42, 60
72, 84, 85, 90, 100
130, 134, 200, 410

411, 480, 622

As expected, according to Table 5 we have :

load(τ(C,2T,D)) = max(
x1

70
+

x2

110
+

x3

110
,
x1

60
,
x1 + x2

72
,
x1 + x2 + x3

84
) =

104

84
=

26

21
(8)

load(τ(C
2
,T,D

2
)) = max(

x1

2

70
+

x2

2

110
+

x3

2

110
,
x1

2

30
,
x1

2
+ x2

2

36
,
x1

2
+ x2

2
+ x3

2

42
) =

52

42
=

26

21
(9)

6. Experimental results for EDF

In this section, we evaluate the effectiveness of the following semi-partitioned scheduling
algorithms, using the local deadline assignments described in section 5.1.1.

• EDF-MLD-WM referred to as EDF-WM in [3], that proposes a fairlocal deadline
assignment and full portions.

• EDF-MLD-Fair derived form EDF-WM that proposes a fair localdeadline assign-
ment and fair WCETs (deadlines and WCETs divided by the number of processors
executing the task).

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

• EDF-MLD-Dmin derived from EDF-WM that assigns local deadlines to subtasks
according to the minimum local deadlines of the tasks (see section 4.3).

• EDF-RRJM (EDF with Round Robin Job Migrations)
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• The global scheduling RTA (see section 3.2)

All task sets are sorted in decreasing order of density (parameterλi in section 2) before
computation as it is an optimization for all partitioning algorithms based on EDF ([17]).
We then try to assign tasks according to a heuristic: the classical partitioned EDF-FFD
(First-Fit Decreasing) [14, 1] or EDF-WFD (Worst-Fit Decreasing) [16]. Finally, the
semi-partitioned algorithms are used for tasks that cannotbe assigned to a single proces-
sor.

The effectiveness of an algorithm is estimated by itssuccess ratioand itsdensity of mi-
grations.

TheSuccess ratiois defined as follows:

number of successfully scheduled task sets

number of submitted task sets
(10)

The density of migrationsparameter is equal to the sum for all migratory tasks of the
ratio between the maximum number of migrations of a task during a time interval equal to
its period divided by its period. Thus, for all semi-partitioned heuristics, with migration
at a local deadline (denoted as EDF-MLD-*) the maximum number of migrations for a
migratory task is equal to the number of portions required toexecute a job (supposing that
a migration happens at the local deadline of a job, to releasethe following job). It follows:

∑

τi∈migratory tasks

number of portions of τi
Ti

(11)

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

∑

τi∈migratory tasks

1

Ti
(12)

6.1. Simulation Setup

The task generation model used in this paper is based on the model presented in [51].
However, in our case, the task generation is adapted to each type of deadline considered.
In the following,ki ∈ {Di, Ti} andρi ∈ {λi, ui}:

• ki is uniformly chosen from [1,100];

• ρi (truncated between 0.001 and 0.999) has the following distributions:

1. Uniform distribution between1
ki

and 1;
2. Bimodal distribution: heavy tasks have a uniform distribution between 0.5 and

1, light tasks have a uniform distribution between1
ki

and 0.5; the probability
of a task being heavy is1

3
;

3. Exponential distribution of mean 0.25;
4. Exponential distribution of mean 0.50;
5. Exponential distribution of mean 0.75;
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For implicit deadline task sets,(ki, ρi) = (Ti, ui) and for constrained deadlines(ki, ρi) =
(Di, λi). In this last case, the periodTi is uniformly chosen from[Di, 100].

We consider 4-processor and 8-processor identical platforms.

Task systems are generated so that those obviously unfeasible (U > m) or trivially
schedulable (m = n and∀i ∈ [1, n], ui ≤ 1, meaning the capacity of one processor
of the identical platform) are not considered during the simulations:

• Step1: Initially, we generate a system which containsm+ 1 tasks and test it.

• Step2: Gradually, we add new tasks to the system and repeat the tests until the
whole utilization of the system exceedsm (the capacity of the identical platform).

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

We decide to reduce the time granularity (the minimum possible value of each parameter)
to 1. Thus, for the simulation, the parametersCi, Ti, Di are considered as integers. Con-
sidering that the values are discretized according to the clock tick, it is always possible to
modify all the parameters to integer values by multiplying them by an appropriate factor.
To simplify testing, we used this approach and all the parameters are limited to integer
values. This does not imply, however, that the algorithms used and presented in this paper
cannot be applied to non-integer values.

6.2. Simulation Results

Now, we show the simulation results, obtained for4 and8 processors, in terms of the
success ratio in subsection 6.2.1 and then in terms of the density of 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 success ratio with 4 processors. Our
graphs focus on the range of utilization [3.0;4.0] since allalgorithms of partitioned and
semi-partitioned approaches implemented in this study have the same performance with a
lower utilization. In the same way, figure 4 shows the resultsobtained with 8 processors
and focus on the range [7.0;8.0]. As expected, semi-partitioned approaches become useful
for high utilization task sets.
We have carried out a study to compare the behavior of these algorithms with task sets
exclusively composed of light tasks (based on task sets generated with an exponential dis-
tribution of mean 0.25) or heavy tasks (with an exponential distribution of mean 0.75) but
the difference between these results and the general case did not appear significant. We
therefore focus on the arbitrary load case in the experiments.

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

focus on EDF-based scheduling, the global approach is not aseffective as semi-partitioned
scheduling, in the current state-of-the-art. Therefore, we will analyze only the difference
between semi-partitioned approaches.
Semi-partitioned approaches improve the success ratio of partitioned EDF scheduling.
Since WCET portioning is done only when partitioned scheduling algorithms fail to
schedule a task on a processor, semi-partitioned algorithms schedule all task sets that
are schedulable with partitioned-EDF scheduling algorithms.

We compare for4 and8 processors the percentage of the improvement in the successratio
(the difference between the success ratio of semi partitioned EDF and partitioned EDF
divided by the success ratio of partitioned EDF times100) when First-Fit and Worst-Fit
heuristics are used.
With 4 processors, the trends obtained with FF and WF are similar. In table 6, we present
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Figure 4: Success Ratio according to processor utilizationof task sets - 8 processors

a comparative table of the percentage of the success ratio improvement. We also provide
the value of processor utilization (U) for which the percentage of difference is reached.
EDF-MLD-Dmin slightly outperforms all the others. The performance of EDF-MLD-
WM remains higher than EDF-MLD-U and EDF-MLD-Fair. Thus, the success ratio is
clearly proportional to the complexity of computation. In terms of the percentage of
improvement, EDF-RRJM outperforms partitioned-EDF scheduling algorithms: between
1% to 10% of task sets were found schedulable for a processor utilization of less than3.6
and up to55% for task sets with a higher utilization. In the same range, EDF-MLD-WM
improves the schedulability respectively by1% to 20% and up to103.3% for high utiliza-
tion. Finally, EDF-MLD-Dmin reaches an improvement of110% which represents a gain
of about5.56% compared to EDF-MLD-WM for First-Fit. As we expected, this approach
become interesting for task sets with a very high total utilization.
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Scheduling
First-Fit Worst-Fit

U SR1 SR2 Improv. U SR1 SR2 Improv.
EDF-RRJM 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 76.65%
EDF-MLD-WM 3.9 0.2267 0.4200 85.27% 3.9 0.2000 0.4067 103.35%
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%

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

Scheduling
First-Fit Worst-Fit

U SR1 SR2 Improv. U SR1 SR2 Improv.
EDF-RRJM 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, in%, 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 table of the maximum percentage
of success ratio improvement. We also provide the value of processor utilization (U) for
which this percentage is reached.
If with First-Fit the performance of heuristics is similar with 4 or 8 processors, with Worst-
Fit, at very high utilization, the job partitioning EDF-RRJM reveals its potential. When
a portioned partitioning approach is limited by the time granularity, EDF-RRJM can al-
ways create from a task up tom subtasks of period multiplied bym. For example, suppose
that a taskτi(Ci, Ti, Di) = (1, 2, 2) cannot be partitioned and the time granularity is1.
All EDF-MLD-* approaches fail to split this task while EDF-RRJM can createp ≤ m
subtasksτi(Ci, pTi, Di) = τi(1, 2p, 2) and potentially succeed in scheduling the task set.
Consequently, it seems that a portioned partitioning cannot always take advantage of an
increase in the number of processors while the EDF-RRJM semi-partitioning approach is
able to take advantage of it. For very high density and discrete time granularity, EDF-
RRJM reaches an improvement of31.3% compared to partitioned-EDF which represents
a gain of about19.3% compared to EDF-MLD-WM.

6.2.2. Density of migrations
Figure 5 shows the results of simulations based on the density of migrations. Since a
migration occurs only when the semi-partitioned techniqueis used, the results show no
migration with low task sets utilization. Our graphs focus on the same range of utilization
[3.0;4.0] and [7.0;8.0] respectively with 4 and 8 processors.
In order to obtain representative graphs, we compute the density of migration only for fea-
sible task sets with all the semi-partitioned algorithms.EDF-RRJMleads to one migration
per job release, whereasportioned partitioningproduces a number of migrations at most
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Figure 5: Density of migrations according to utilization oftask sets

equal to the number of portions during the period of a task. The density of migration for
EDF-RRJM is on average respectively 37% (respectively 43%)of the density of migration
for EDF-MLD-* algorithms for 4 (respectively 8) processors. Hence, the average number
of migrations obtained with EDF-MLD-* algorithms is2.69 (respectively2.32) times the
number of migrations of EDF-RRJM for 4 (respectively 8) processors.

7. Conclusion

In this paper we have considered the problem of EDF semi-partitioned scheduling accord-
ing to two approaches. The first approach, referred to as the portioned semi-partitioning
approach, assigns local deadlines to subtasks according toa local deadline assignment
heuristic. Based on this local deadline, the maximum acceptable portion of WCET is
computed. We have considered several local deadline assignment schemes, according
to a fair local deadline assignment and to local deadline assignment based on processor

34



utilization and the minimum acceptable deadlines of tasks.The migration is done at the
local deadline of the job of a task to cancel the release jitter before doing a migration.
We show that these heuristics outperform partitioned scheduling by a ratio that can reach
110% for the best heuristic at very high utilization. The second approach we propose,
denoted EDF-RRJM, is based on migrations at job boundaries with a Round Robin Job
Migration pattern. The solution is easy to implement and results in few migrations. With
a First-Fit heuristic, it is outperformed by portioned semi-partitioning heuristics but per-
forms better than classical partitioning scheduling algorithms by a ratio that can reach
44.11%. For a Worst-Fit heuristic with high processor utilizationand eight processors,
the job semi-partitioning approach performs better than the portioned semi-partitioning
approach. In this case, the algorithm based on Round Robin Job Migration outperforms
the best portioned semi-partitioned scheduling algorithmby a ratio that can reach19.3%
(under discrete time granularity). Concerning the number of migrations, portioned semi-
partitioned schedulings produces at least two times more migrations (on the average) than
EDF-RRJM scheduling.
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