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Abstract It may be noticed, that considering only the synchronous

case is very pessimistic, since the synchronous case is the

In this paper, we study the problem of the fixed pri- worst case, in the sense that, if the system is schedulable
ority preemptive scheduling of hard real-time tasks. We in the synchronous case it follows that this is also the case
consider independent tasks, which are characterized by ain all asynchronous situations (see [3], for instance). Our
period, a hard deadline, a computation time, and an off- scheduling problem is the following, given the task char-
set (the time at which the first request is issued) where theacteristicsl;'s, C;’s, andD;’s, determine a feasible offset
latter can be chosen by the scheduling algorithm. (if any) and fixed priority assignment.

Considering only the synchronous case is very pes-
simistic for offset free systems, since the synchronos cas Rejated work. In [5], the concepts ofoncreteandnon-
is the worst case in terms of schedulability. In this pa- concretetask sets are introduced. Mon-concreteask set
per, we propose a new technique, based on the Audsley'ss 5 set for which the offsets are not determinechiacrete
priority assignment, that reduces significantly the search ,qrsion of such a task set can be obtained by considering
space of the combinatorial problem consisting in choos- 5 particular offset configuration. Hence, a non-concrete
ing the offsets. In addition, we propose new offset assign-ask setgeneratesa collection of concrete task sets. A
ment heuristics and show the improvement of combining non-concrete task set is schedulable 5], if all the cor-

the new technique and the new heuristics. responding concrete sets are schedulable. While an offset
free system is schedulable if at least one concrete task is
schedulable.

1. Introduction Well-known results concern the optimality for asyn-

chronous (and synchronous) task sets. But first a def-

Problem definition.  This study deals with the fixed pri- inition, a priority assignment rule is optimal for asyn-
ority preemptive scheduling of tasks in a real-time systems chronous (resp. synchronous) systems if, when a schedu-
with hard constraintsi.e., systems in which the respect of lable priority assignment exists for some asynchronous
time constraints is mandatory. More specifically, we con- task set (resp. for the synchronous case), the priority as-
sideroffset free systemsghere the offsets can be chosen by signment given by the rule is also schedulable. In [7],
the scheduling algorithm. The activities of the system are the non-optimality of the Deadline Monotonic (i.e., lower
modeled by independeperiodic tasksr; as introduced the deadline, higher the priority) is proven, and an optimal
in [8]. The model of the system is defined by a task set priority assignment rule is suggested by consideringithe
A of cardinalityn, A = {7, 79,..., 7, }. A periodic task different priority assignments. In [1, 2] Audsley proposed
7; is characterized by a quadrupl€;(T;, D;, O;) where an optimal priority assignment algorithm, which examines
each request of;, called instance, has an execution time at most»? priority assignments, this algorithm is often re-
of C;, a relative deadlind;. T; time units separate two ferred as the Audsley’s algorithm in the literature.
consecutive instances of (henceT; is the period of the More recent results concern the optimality for offset
task). The first instance af occurs at time); (the task  free systems. In [4, 3], the authors show the interest of
offset in the following). The system is said schedulable if offset free systems and in [4] the non-optimality of rate-
each instance finishes before its deadline. monotonic assignments when offset free systems are con-

Three different kinds of periodic task sets can be distin- sidered. Although there is an infinite number of asyn-
guished:synchronousets, where all offsets are equalto ~ chronous cases for a task set, the problem is restricted [3]
asynchronousets, in which the constraints of the system by considering only non-equivalent offset assignments
determine the offsets, and finalbffset freesets. Inoffset with an optimal offset assignment rule. Since, the number
free systems, there is no constraint on offsets, hence theyof combinations remains exponential, an efficient heuris-
may be chosen beforehand by the scheduling algorithm.tic with a lower complexity is proposed, namedsimilar



offset assignment Definition 2 An assignment offset rul® is optimal un-
Well-known results concern the schedulability analy- der a priority allocation ruleP, if when a schedulable
sis for synchronous systems [6, 10]. For asynchronousoffset assignment exists with O provides a schedulable
systems as well, schedulability analysis has been studiedasynchronous situation with the very same priority assign-
Due to space limitation, we shall not give details here. We mentP.
know for instance (see [7]) th), Omax + 2P) where P
is the LCM of the periods an@mnax = max;(0,), is a
feasibility interval.

The optimal offset assignment considered in [3] is sum-
marized in this section. The main idea is to test the
schedulability of all the non-equivalent asynchronous sit
o ) uations of a task set.

Contributions. In this paper, we show how to use the || offset combinations may be found by restricting the
Audsley’s algorithm to reduce the complexityaffset as- offsets such a®, = 0 and¥i € [2,1] | O; € [0,T)).

signmeniy decreasing the number of tasks examined in ,nsequently number of combinations is upper bounded
the assignment. The optimal offset assignment cannot al'by [T, T: = O((maxe<; <, T;)" 1)
=21 >jsn+Jg :

ways be used due to its exponential complexity. Then, we ~ 15 ¢ rther reduce the number of offset assignments,
propose new assignment heuristics that improve signifi- j; ;o possible to consider only offset assignments lead-
cantly upon the one presented in [3] as it will be shown in jn 15 non-equivalent asynchronous situations. Two asyn-
the experiments. chronous situations are defined to éguivalent if they

have the same periodic behavior. Indeed, the schedule be-
Organization. Section 2 recalls the results from [3] that comes periodic with a period aP = lem{T}, .., T},}).
are useful for the understanding of our contribution. Sec- This periodic behavior only depends on the relative
tion 3 shows how the Audsley’s algorithm can be used phasing of the task instances, i.e., on the tufly
to decrease the complexity of the offset assignment al- (mod 7,), 05 (mod T3),...,0, (mod T},)). This tu-
gorithm. New heuristics are then proposed in Section 4, ple characterizes the relative time shift between the in-
whose efficiency are assessed in Section 5. stances of various tasks [4].

For two tasksr; and s, two choices Q2 = O + vy

2. Known offset assignments andO, = O + vy) are said equivalent if they define the

same relative phasing:

In this section, we summarize known results on the

scheduling of offset free systems. In particular, we sum- Jk1, ke €N : (O +v1 + ki - To) mod Ty
marize the approach developed in [3]. — (1)
(O1 +va + k2 - T2) mod Ty ,

2.1. Scheduling of offset free systems o )
which is equivalent to:

The topic of this study is the fixed (and preemptive)
scheduling of offset free systems. In these systems, the v1 = vo(mod ged Ty, 1o }). @)
offset of the tasks can be chosen by the scheduling algo-

rithm. Consequently, we have to choose (off-line): From Equations 1 and 2 it follows that only the values

0,1,...,9cd{Ty, 7>} — 1 must be considered and are non-

— the task priorities, and equivalent choices fap; andOs.
The optimal offset assignment algorithm, in order
— the task offsets. to explore all possible non-equivalent asynchronous sit-
uations for the task set, constructs iteratively the sit-
2.2. Optimal offset assignment uations. First, it sets the non-equivalent choices for

Let us assume that the priorities of the tasks are alreadyO- (the offsetO; is arbitrarily fixed to0) by consid-
fixed, and we consider the specific priority assignnm@nt  ering for O, all integer values in thé0, gcd{T1,T>})
which could be for instance the Deadline Monotonic. We interval.  Next, by assuming at each step that the
considerfixed priority scheduler, hence at each time in- offsets O, 0-,...0;,_; are set, consider for the off-
stant, the scheduling policy assigns the CPU to the in-set O; the interval [0,gcdT;, lem(T4, ..., T;-1)}) (in-
stance of task with the highest priority (if any). Suppose stances of task sub-séty, ..., 7,1} having a period of
that the system is not schedulable in the synchronous casécm(77, ..., T;-1)).
with P, we would like to find an asynchronous situation
for which the system is schedulable. In the following, we 2.3. Dissimilar offset assignment
shall distinguish between two kinds of optimality: The method of [3], presented in Section 2.2, reduces

the non-equivalent offset assignment frgmi_, 7; to
Definition 1 A priority assignment rule? is optimal in  IL=2 ™ pespite this significant reduction, the number of
the asynchronous case, if when a schedulable priority as- offsets considered by the optimal algorithm remains ex-
signment existsP provides a schedulable system in the ponential. In [3], the author defines then a heuristic that
very same asynchronous situation. provides a single offset assignment for a task set.



The basic idea of the heuristic is to shift away, as far

as possible, the offsets of the tasks for which some in-

stances would be most probably in conflict for the use of

3.1. Audsley’s algorithm
The Audsley’s algorithm [1] performs an optimal static
priority assignment for asynchronous systems (according

the CPU. Precisely, the offset of tasks having instances re-to Definition 1).

leased in small periods of time, and thus being close to the

“synchronous” case, will be shift away as far as possible.

Hence, a measure is introduced to estimate the proximity
of an offset assignment with the synchronous case. The

A priority assignment is defined by:

~v:{1,2,.n} = {m,72...Tu },

dissimilar offset assignment algorithm allocates the off- Where the assignment functiorii) gives the tasky, as-
sets of the periodic tasks to maximize this measure, Whichs'gne(_j to the priority levet usmg_the convention: lower
is defined as the length of the shortest interval that con- the priority level, higher the priority.

tains at least one instance of each task.

The Audsley’s algorithm considers at ma@3tn?) dis-

The technique considers first the (minimal) distance tinct priority assignments. First, it attempts to finébav-

between two instances of tasksand; in the periodic

est priority viabletaskr; in A, i.e., tries to assign the pri-

part of the schedule. The computation of this distance is Ority leveln.

performed according to Theorem 1.

Theorem 1 ([3]) Letr € [0,gcd{T;,T;}). If O; = O; +

r (or O; = O; +r), the minimum distance between an in-
stance ofr; and an instance of; is min{r, gcd{7;,T;} —

r}.

It follows from Theorem 1 that the minimum distance
between an instance of and r; is upper bounded by
{MJ and corresponds to the offset assignment
0:=0;+ \\gcd{?x,Tj}J (0r0; = 0; + {gcd{?,Tg‘}J)' In

ng{Ti,Tj} ng{Ti,T]‘}
5 or 5 .

this caser is equal to{
The dissimilar offset assignment algorithm fixes the

offsets of the periodic tasks. The algorithm sorts the cou-

ples of taskg;, 7;) in decreasing value of g¢d;, 7},

in order to maximize the measure defined above. Next, it (i.e., assigning priority leveh — 1).

sets iteratively the offsed; andO; of the sorted couples

of tasks(T;,T;) to obtain the highest minimum distance

ng{Ti,Tj
2

(.e.,r = } ). During this assignment, three

cases maJoccur:
1. whenO; andO; are not yet set, a random offset is
chosen fol0; andO; = O; + {MJ

2. whenO; (resp. O,) is fixed andO; (resp. O;) is

not, O; = O; + {7@{?@% (resp. O; = O; +
cd Ti,Tj

{g {2 }J)

3. whenO; andO, are already chosen, there is nothing
to do.

The maximal time complexity of this algorithm for as-
signing the offsets i©(n? - (log 7™ + log n?) where
Tmax déf maxlgkgn (Tk)

3. Complexity reduction

Definition 3 Taskr; is lowest priority viable when; is
assigned the lowest priority of any taskAnand:

— The remaining tasks id\ are assigned priorities in
any arbitrary order, the sole restriction being that all
these priorities be higher than the priority assigned
tor;.

— During run-time scheduling, the semantics is weak-
ened as follows: instances generated by tasks other
than ; may miss their deadlines (if they do so, they
continue execution until completion); however, in-
stances generated by may not miss any deadlines.

Next, the algorithm recursively determines a lowest
priority viable task in the sub-set\{r;} of n — 1 tasks
The Audsley’s
pseudo-algorithmis given in Algorithm 1.

Input: task set\ = {7y, 72..., T }

Result task set with no assigned priority

proceduraudsl| ey( A) ;

if A =0then
priority assignnent succeed:
return A;
end

if no task is lowest priority viabléhen
priority assignnent failed:
return A;

else

let 7, a lowest priority viable task;
assign lowest priority to 7

Y(A]) = 7i;
return audsl ey( A\{7:});
end

Algorithm 1 : Audsley’s algorithm.

After executing the Audsley’s algorithm, two cases
may occur:

In this section we propose a technique, based on the 1. The priority assignment of the Audsley’s algorithm

Audsley’s priority assignment, to reduce significantly the

search space. But first, we shall present the Audsley’s al-

gorithm [1] itself.

leads to a schedulable system (i.e., priority assign-
ment succeed): the set of tadkis schedulable with
the priority assignment given by function



2. Otherwise, the Audsley’s algorithm fails to assign the
priority of level i wherei € [1,n] (i.e., priority as-
signment failed). However, instances of the set of
tasks{y(i + 1),v(i + 2), ...,v(n)} meet their dead-
line. Indeed, the schedulability of a task at a priority
level, with a fixed scheduling preemptive policy, de-
pends only on the set of higher priority tasks, what-
ever the assignment of priority among this set [1, 2].

, Step 2:
A" = audsley(A
(synchronous case;

Task set A
schedulable
(synchronous)

The non-optimality of the Audsley’s priority assign- S
ment for offset free systems with the Soser offsesseafnment

We shall see that while the Audsley’s priority assignment
is optimal for asynchronous systems it is not the case for
offset free systems. But first a definition.

Task set A
schedulable

Step 4:
A’ =audsley(A’)
(asynchronous)

(asynchronous’case)

Definition 4 ([4]) A priority assignment rule is optimal

for offset free systems if when a schedulable priority as-
signmentP) and offset assignmen®] exist for some off-

set free task set, there is a schedulable offset assignment
(O’) for the priority assignment given by the rule.

Task set A
unschedulable

ith the chosen
offset assignment

Algorithm 2 : Offset and priority allocation algorithm.
The priority assignment of the Audsley’s algorithm de-

pends on the offset assignment actually Audsley con-

siderasynchronous systenthe offsets must be already ~ Wwith this method the number of tasks to consider for
fixed). Thus, Definition 4 is not applicable in the case the offset assignment is much lower as it will shown in
of the Audsley’s priority assignment and consequently the the experiments of Section 5.2. Since the time complexity
Audsley’s priority assignment is not optimal for offsetdre  of the offset assignment depends on the number of tasks
systems. and their periods, the time complexity is, thus, reduced.

3.2. Reducing the search space using the Audsley’s al- 4. Near-optimal offset assignment heuristics
gorithm

_I_n th|sdsict|0;, we Sha”r?Xplgm hov; to assign tr:'eflljr" In this section, we propose several assignment heuris-
oriiesandtne offsets together. Figure 2 presents the flow tics, which provide alternative offset allocations whee th

.of.c-)urr apﬁroafcfh na psequ—aIgonthrTm fo”‘?- F'_rSt’ W€ dissimilar offset assignment fails to produce a schedalabl
initialize the offsets to consider tynchronousituation. asynchronous situation.

Then, the Audsley's algorithm is used to assign priorities The functioning scheme of these new heuristics is very

(in th_e synchronous case_), more precisely the (recurswe)sim“ar to the one of the dissimilar offset assignment: cou-
functionaudsl! ey (Algorithm 1) is used. If it success-

full ) orit 1. Section 3.1). th " ples of tasks are ordered according to a criteria, then the
'ully assigns priorities (case 1, Section 3.1), the SYStEM a5k offsets are chosen from the top of the resulting or-
is schedulable in the synchronous case. Otherwise, th

Audslev’s algorithm fails in th h Zedered list to its bottom. The new heuristics provide dif-
udsiey’s agorithm far's in th€ Synchronous case (case 2, erent offset allocations than the dissimilar offset sigst
Section 3.1), a schedulable asynchronous situation shoul

. ) ince they do not only consider the minimal distance be-
be looked for. Consequently we first use at this step a ween tasks. For instance, some try to “separate” tasks
rule to choose tt]%e?ﬁsetsffor the sgbset of tasks returne ith the highest utilization rate (i.e.:CF—’f). We propose
by audsl ey: A ~ A\{W + 1), 90 + 2),’ '“’7(@}_ 4 new offset assignment heuristics that take into account
andthenthe priorities using the Aufisleys algorithm for o1her characteristics of the task set than the minimal dis-
the second timebut on the subsefA” (not on the ongi- tance between tasks. Our 4 heuristics consider the couples
nal task set). Indeed, the sub-set of tagk& + 1), ~v(i +

2),...,v(n)} respects their timing constraints in the syn- (7, 72) by decreasing values of.
chronous situation without considering the offsets and the

priorities among the set of higher priority tasks. Thus, the 1 (
tasks in{v(i + 1),v(¢ + 2),...,v(n)} are lowest prior-

ity viable in the synchronous case. Since the synchronous 2. max(%’:, %) -gcd Ty, T3)
case is the worst case, these tasks remain lowest priority

viable in an asynchronous situation. That is why, in the 3, % + G

following, the offset assignment scheme can safely take
into account only the tasks in the s&t. 4. —gcd Ty, T;)

%+%) -gcd Ty, T;)



The heuristics 1,2 and 3 sort the couples of tasks by
considering their utilization rate. Different ways of ior
ducing the utilization rate in the ordering provide several

asynchronous situations, which may lead to a schedula-

ble asynchronous situation. In heuristic 1 (resp. 2), the
utilization rate of the couples of tasks (resp. the maxi-
mal utilization rate) is taken into account balanced byrthei
gcd. Rule 3 arranges they, ;) according to decreasing
utilization rate.

Heuristic 4 first focuses on the couples of tagks 7;)
for which the minimal length between instances is small.
The (7, 7;) are thus ordered according to decreasing
value of—gcdTy, T;) to set the offset of the couples with
the less choices in the offset assignment.

These new assignment heuristics are considered to-

gether. The combined used of these heuristics, in our
experiments (Section 5.5), provides a “near-optimal” off-
set assignment. The complexity of these new heuristics
is identical as the one of the dissimilar offset assignment
(i.e.,0(n? - (log T"®* + log n?)), because the algorithm
that performs the assignment is the same, except for th
ordering of the couples of tasks.

5. Experimental results

In this section, we present our experimental results. We
make use of the Algorithm 2 defined in Section 3.2.

5.1. Experimental setup

In the experiments, the global loatlis chosen for each
setA of n tasks. Since the sets have to be unschedu-
lable in the synchronous case, the Idadhas to be suffi-
ciently high. The utilization rate%) of each taskr is

uniformally distributed in thgZ - 0.9, £ - 1.1] interval.
The computation timé’y, of each tasky is randomly cho-
sen with an uniform law in the:min, cmay interval, the rel-
ative deadline)y, is uniformally chosen in th&lmin, dmax
interval , and the period}, is upper bounded b#nax.

In the following, we make use of the tuple
(n, U, ¢min, Cmax, dmin, dmax, tmax) t0 denote the actual pa-
rameters used in our task sets random generation.

5.2. Complexity reduction using the Audsley’s algo-
rithm

In this section, the actual reduction of the search space

using the Audsley’s algorithm is studied. The improve-

ment is evaluated with task sets randomly generated ac-

cording to the tuple(n,0.8,2,30, 7, — 0.9 x (Tx —
Ck), Tk, + 0.9 x (T}, — Cy), 200) with n being the number
of tasks in the[5, 17] interval. We made approximately
13000 simulations for each graph (13 points per graph).
In Figure 1, the curve in plain style presents the per-

€

T T T
Audsley’s algorithm sucessfully assigns the lowest priority
No priority is assigned by Audsley’s algorithm

80

—
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% of task sets
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10 12
Cardinality of task sets (load=0.8)

Figure 1. Percentage of unschedulable task
sets in the synchronous case, which in-
cludes at least one lowest priority viable
task in the synchronous case.

these task sets, the Audsley’s algorithm (step 2, Algo-
rithm 2) allows to reduce the number of tasks in the off-
set assignment. One can also note from Figure 1 that the
percentage decreases with the number of tasks. This phe-
nomenon is probably related to our task generation algo-
rithm. Indeed, in order to keep the Icm of the tasks within
bounds that still allow to assess the feasibility by simula-
tion, restrictions are imposed on the task set characteris-
tics. When the number of tasks becomes large, the tasks
tend to have the same characteristics and they tend thus to
behave in a rather similar manner. Hence, when a task is
not lowest priority viable, the probability to find another
lowest priority viable task is rather low.

In Figure 2, we consider only task sets which have at
least one lowest priority viable task. The curve in plain
style shows the percentage of tasks being lowest priority
viable after step 2, Algorithm 2 (i.e., tasks in the get
A’). The dotted curve represents the percentage of tasks
7j, which are not (i.e., tasks in the s&t).
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tasks with an assigned priority
tasks with no assigned priority

50

45

% of tasks in the task set

40
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10 12
Cardinality of task sets (load=0.8)

16

Figure 2. Proportion of lowest priority viable
tasks.

centage of task sets unschedulable in the synchronous case

which have at least one lowest priority viable task in the

As can be seen from the plot of Figure 2, at least 30 %

synchronous situation. One can observe that at least 38 %of tasks are lowest priority viable (in the synchronous

of the task sets include a lowest priority viable task. For

case). Thus, less than 70 % of the tasks have actually to



be considered for the offset assignment. N
In order to accurately evaluate the complexity reduc- = e
tion obtained with the Audsley’s algorithm, we study the "
actual reduction of the search space brought by the use of
the Audsley’s algorithm. In Figure 3, we consider again
only task sets with at least one lowest priority viable task.
The curve shows the percentage of search space reduction

sk sets

S
]
S

60

59

,f"'/ : L
58 T \

57

0.75 0.8 0.85 0.9 0.95
56 Load

55

% of complexity reduction

5 Figure 4. Percentage of systems un-
ssl— . " - " - schedulable in the synchronous case (dot-
Cardinaliy oftask sets (l0ad=0.8) ted curve) and systems only schedulable

with an asynchronous configuration (plain

Figure 3. Search space reduction using the gugr\s/e). The cpu load ranges from 0.7 to

Audsley’s algorithm.

From the simulation results, presented in Figure 3, the (dotted curve), and the percentage of systems schedulable
search space reduction is always greater than 53 %. only in an asynchronous case (plotted style curve). From

The conclusion that can be drawn from these exper- Figure 4, one can observe that the percentage of task sets
iments is that for a very significant number of systems unschedulable in the synchronous case increases with the
(more than 38 % in our experiments), at least 30 % of load, which confirm the intuition that it is harder to find a
the tasks can be allocated a priority by the Audsley’s al- schedulable system when the load is high. Moreover, the
gorithm (i.e., are lowest priority viable). This allows to percentage of task sets schedulable in an asynchronous sit-
reduce the search space of the offset assignment schemeation increases with the load (up to 18 %) until the load

by at least 53 %. reached).87, then it starts to decrease. Intuitively, it is
clear that task sets tend to be unschedulable, whatever the
5.3. Offset free for increasing feasibility offset allocations, when the load becomes too high.

This subsection aims to show the interest of offset free
systems for schedulability, by using the optimal offset as- 5.4 Combined use of the heuristics: efficiency com-
signment. pared to the optimal allocation

Task sets are randomly generated according to the tu- Figure 5 shows the percentage of task sets schedula-
ple(5,U, 2,30, T} — T’f%ck, Tk, 30) with U choseninthe  ble in a particular asynchronous situation (non-equivalen
[0.73,0.95] interval. We made approximate#)00 sim- to the synchronous situation) which remains schedulable
ulations for each graph (6 points per graph). It should with the dissimilar offset assignment rule (dashed curve)
be noticed that the time complexity of the optimal assign- and with at least one of our new heuristics (curve in plain
ment rule, that is used in these experiments, is high, andstyle).
checking if a system is schedulable or not may require a As can be seen on Figure 5, the assignment heuristics
very long computation time (since we have to consider— find a schedulable asynchronous situation for at least 51 %
in the worst case—all non-equivalent offset assignments).and up to 95 % of the task sets in which such a situation
For this reason, we have strongly limited the number of exists. The chance of finding a schedulable assignment
tasksn and the maximum value of the periods in our sim- logically decreases with the load.
ulations to reduce the number of non-equivalent offset as-  The combined used of the heuristics enables us to find
signment and thus diminish the complexity of the schedu- an important percentage of the schedulable asynchronous
lability. situations. From Figure 5, it is obvious that the combina-

We now evaluate the percentage of systems unschedution of our new heuristics outperforms the dissimilar aoffse
lable in the synchronous case which becomes schedulaassignment.
ble in an asynchronous case (i.e., we use the optimal off-
set assignment). Once again, we use Algorithm 2 to de-5.5. Relative performances of the heuristics
termine these percentages. Figure 4 represents the per- In this section, the improvement brought by the new
centage of systems unschedulable in the synchronous caskeuristics is discussed more precisely. Task sets are ran-
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Figure 5. Dissimilar offset assignment vs. Figure 7. Percentage of the task sets un-
our new heuristics. schedulable in the synchronous case that

becomes schedulable with the different off-
set assignment heuristics (90 % CPU load).

domly generated according to the tugle U, 2, 30, T}, —
LizCe T3, 30) with U chosen in thg0.8,0.9} set andr
in the[5, 11] interval. We made approximatei)00 sim-
ulations for each graph (7 points per graph).

The offsets and priorities assignment are performed ac-
cording to Algorithm 2 of Section 3.2. At step 4, the asyn-
chronous situations correspond to the offset assignment
produced by the dissimilar offset assignment and by the
new heuristics.

synchronous case. For instance, in Figure 6, the percent-
age of task sets schedulable with an asynchronous situa-
tion produced by the heuristics is at least 40.5 % and up to
7 %. The improvement steadily increases with the num-
er of tasks: for instance, in Figure 6, the percentage of
schedulable task sets in an asynchronous situation is equal
to 71 % for 7 tasks, while it is 88.9 % far tasks. This

100 can be intuitively explained by the fact that the higher the

o / number of tasks, the higher the freedom degree to set the
e offsets, and thus, the farther from the synchronous case

® e the system can be.

7 One also observes that, very logically, the percent-

age of systems schedulable in an asynchronous situation

strongly decreases when the load is high. For instance,
the percentage of schedulable systems for segstasks

o e is 83.1 % for a load 06.8 of 32 % for a load 0f).9 (Fig-
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% of task sets unschedulable in the synchronous case
schedulable with the offset assignment heuristic

30 Lo ure 7).
PR - with one of the ics —— . P H 1
(peurisic S amiar offset god(Tk T ——— | | The different heuristics can be compared using Fig-
20 [ b .
(heuristic 2) max(Ck/Tk)*gcd(Tk, Ti) . . .
{heurisic 3) CRTKCHTE ——— ure 6 and 7. We observe that the dissimilar offset as-
Ys B 7 s o 10 u signment performs very well, usually better than the new

Cardinality of task sets (load=0.8)

heuristics. However, using all heuristics together (irg.,
the offset assignment returned by each of the heuristics)

Figure 6. Percentage of the task sets un- allows to clearly outperform the dissimilar offset assign-
schedulable in the synchronous case that ment alone. The heuristics (including the dissimilar dffse
becomes schedulable with the different off- assignment) are in some way very complementary. For
set assignment heuristics (80 % CPU load). instance, 37.9 % of the task sets are schedulable with at

least one of our heuristics for 9 tasks (Figure 7) while only
26.3 % are schedulable with the dissimilar offset assign-
Figure 6 and 7 display the percentage of tasks sets un-ment. It is worth noting that the complexity of each of the
schedulable in the synchronous situation which becomenew heuristics is the same as the dissimilar offset assign-
schedulable in the asynchronous situation produced byment and, in practice, the computing time does not raise
each of the heuristics. The experiments are done with aproblem whatever the cardinality of the task set.
global load 00.8 in Figure 6 and 00.9 in Figure 7. From In conclusion, our experiments show that the combined
these Figures, one sees that the offset assignment heurigised of all the heuristics lead to a near near-optimal off-
tics significantly increase the schedulability compared th set assignment, which allows to increase considerably the



percentage of systems schedulable compared to the sol&®keferences

asynchronous situation.

6. Conclusion
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preemptive scheduling of offset free systems. First, we

(1]

(2]

N. Audsley. Optimal priority assignment and feasibil-
ity of static priority tasks with arbitrary start times. Re-
port YO1 5DD, Dept. of Computer Science, University of
York, England, 1991.

N. Audsley. On priority assignment in fixed priority
scheduling.Inf. Process. Lett.79(1):39—-44, 2001.

have shown that the search space for assigning the offset [3] J. Goossens. Scheduling of offset free systeResal-Time

may be reduce of up to 50 % with an appropriate use of the

Systems24(2):239-258, March 2003.

Audsley’s algorithm. Then, new heuristics are proposed [4] J. Goossens and R. Devillers. The non-optimality of the

to improve upon the result of the dissimilar offset assign-
ment scheme introduced in [3]. These heuristics provide
alternative asynchronous cases, which allow to increase
very significantly the number of schedulable systems with
regards to pessimistic synchronous case. The combined
use of all these heuristics provides a near-optimal offset
assignment. Indeed, according to our experiments con-
ducted with for a global load df.8 for task sets having a
cardinality in[5, 11], the set of heuristics enables to sched-
ule at leastt0.5% and up td7% of task sets, which are
unschedulable in the synchronous case.

A similar study remains to be conducted for the non-
preemptive case, which is of interest for scheduling
frames on networks but also for many small embedded
systems without preemptive capabilities. In a first step,
it has to investigated whether a similar complexity reduc-
tion procedure based on the Audsley’s algorithm can be
devised for the non-preemptive case (see [9] for some re-

sults on the use of the Audsley’s algorithm in the non- [10]

preemptive case). Then, offset assignment heuristics ded-
icated to the non-preemptive case have to be proposed and
their efficiency evaluated.

In the future, we also intend to evaluate if integer linear
programming can be used to determine offsets in an effi-
cient manner; the main problem will be here to define the
cost functions that lead to schedulable systems.

monotonic priority assignements for hard real-time sys-
tems.Real-Time System$3(2):107-126, sep 1997.

5] K. Jeffay, D. Stanat, and C. Martel. On non-preemptive

(6]

(7]

(8]

(9]

scheduling of periodic and sporadic tasks. Rroc. of
the 12th IEEE Real-time Systems Symposium (RTSS 1991)
1991.

J. P. Lehoczky. Fixed priority scheduling of periodiska
sets with arbitrary deadlines. Rroc. of the 11th IEEE
Real-Time Systems Symposiymges 201-213, Florida,
USA, 1990.

J. Leung and J. Whitehead. On the complexity of fixed pri-
ority scheduling of periodic, real-time task8erformance
Evaluation 2:237-250, 1982.

C. Liu and J. Layland. Scheduling algorithms for multi-
programming in hard-real time environnemedaurnal of

the ACM 20(1):40-61, 1973.

R. Saket and N. Navet. Frame packing algorithms for au-
tomotive applications. Available as research report INRIA
RR-4998, to appear in Journal of Embedded Computing,
2006.

K. Tindell, A. Burns, and A. Wellings. An extendible ap-
proach for analysing fixed priority hard real-time tasks.
Real-Time System§(2):133-151, 1994.



