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Abstract

In this paper we tackle the problem of scheduling
a periodic real-time system on identical multiprocessor
platforms, moreover the tasks considered may fail with
a given probability. For each task we compute its dupli-
cation rate in order to (1) given a mazximum tolerated
probability of failure, minimize the size of the platform
such at least one replica of each job meets its dead-
line (and does not fail) using a variant of EDF namely
EDF®) or (2) given the size of the platform, achieve
the best possible reliability with the same constraints.
Thanks to our probabilistic approach, no assumption is
made on the number of failures which can occur. We
propose several approaches to duplicate tasks and we
show that we are able to find solutions always very close
to the optimal one.

1. Introduction

The use of computers to control safety-critical real-
time functions has increased rapidly over the past few
years. As a consequence, real-time systems — com-
puter systems where the correctness of a computation
is dependent on both the logical results of the computa-
tion and the time at which these results are produced
— have become the focus of much study. Since the
concept of “time” is of such importance in real-time
application systems, and since these systems typically
involve the sharing of one or more resources among
various contending processes, the concept of schedul-
ing is integral to real-time system design and analysis.
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Scheduling theory as it pertains to a finite set of re-
quests for resources is a well-researched topic. How-
ever, requests in real-time environment are often of a
recurring nature. Such systems are typically modelled
as finite collections of simple, highly repetitive tasks,
each of which generates jobs in a very predictable man-
ner. These jobs have upper bounds upon their worst-
case execution requirements, and associated deadlines.
In this work, we consider periodic task systems, where
each task makes a resource request at regular periodic
intervals and we consider fault tolerant systems, since
a job can fail due to either transient fault of a proces-
sor or internal error. We propose a technique, based on
task replication, in order that all jobs of each task meet
their deadline (in terms of probability), i.e., at least one
replica of each task job meets its deadline and does
not fail. Task replication requires either more powerful
processor|s] or additional processors (in order to sched-
ule the system). We choose the second approach here
and we consider the scheduling on identical multipro-
cessor platforms. Thus, the tasks are scheduled on an
identical multiprocessor platform using global EDF [6].
More precisely, we shall consider the scheduling algo-
rithm EDF) (see [4]) in order to reduce significantly
the number of processors needed.

Reliability in hard-real time systems has been ex-
tensively studied in the literature. Two kinds of faults
have to be distinguished. A fault is called transient
when the processor on which the fault has occurred
can be considered for further scheduling. A fault is
said fail-stop, when the processor on which it has hap-
pened cannot be used later on.

After the detection of a fault, the task stopped by
the fault can be dynamically restarted [3, 5]. There
are several drawbacks of this approach. First, there



is a system overhead as it takes time to detect fault,
determine which task has been stopped and reschedule
the task. Second, the execution of the recovery task
may affect the predictability of the system.

In order to address this issue, static duplication have
been proposed. Each task is executed more than once
in order to increase the probability that at least one
copy meets its deadline (and does not fail). In [§],
periodic and aperiodic tasks are scheduled. The relia-
bility of the system is ensured in case of transient fault
by duplicating the number of processors and executing
backup copies on the duplicated processors. The main
problem of this approach is that the number of pro-
cessors required to schedule both primary and backup
copies is increased.

In order to decrease the number of processors, [10]
proposes that each task has only two copies: a pri-
mary (active) backup which is always executed and a
secondary (passive) backup copy. When the primary
copy finishes, the backup copy is forced to terminate
in order to save resources. Hybrid approach have also
been proposed in order to reduce the number of re-
quired processors. For instance in [2, 7] the backup
copy is only executed in case of failure. They consider
the fail-stop model and in case of failure the tasks are
rescheduled to the remaining processors.

In order to improve the reliability without increasing
too much the number of processors, probabilistic ap-
proaches have been recently proposed. In probabilistic
approaches hardware or software components are char-
acterized by a probability of failure. This probability
can depend on the task duration, task complexity, ex-
ternal sensors, etc. Then, given an overall reliability
(or tolerated probability of failure) a precise analysis
can determine for each task if duplication is required.
For instance in [1] each processor and communication
link is associated with a failure rate. The authors then
tackle the problem of scheduling a task graph with
deadline constraints and guarantying the best possible
reliability. An other advantage of the probabilistic ap-
proach is that, contrary to static or hybrid approach,
no assumption on the number of tolerated failures is
made.

In this paper, we discuss how to apply the proba-
bilistic approach for scheduling a set of periodic real-
time task. We shall study two symmetric problems.
First, given a target reliability (i.e., a probability)
find the smallest possible number of processors that
achieves this reliability. Second, given the number of
processors find the best achievable reliability.

The paper is organized as follows, in Section 2, we
introduce our model of computation and our reliability
problem. In Section 3, we study the two symmetric re-

liability problems. In Section 4, we present 5 heuristics
for increasing the number of task copies. In Section 5,
we present our simulation results in order to evaluate
our heuristics. In Section 6, we conclude.

2. Background
2.1. Model of computation

We consider the scheduling of periodic hard real-
time tasks, in the popular periodic task model ; a task
7; = (Cy,T;) is characterized by two parameters — an
execution requirement C; and a period T; — with the
interpretation that the task generates a job at each
integer multiple of T;, and each such job has an ex-
ecution requirement of C; execution units, and must
complete by a deadline equal to the next integer mul-
tiple of T;. We assume that preemption is permitted —
an executing job may be interrupted, and its execution
resumed later, with no loss or penalty. Moreover, we
assume that T; and C; are natural integer, represent-
ing for instance a number of CPU tics. A periodic task
system consists of several independent such periodic
tasks that are to be executed on a specified preemp-
tive processor architecture. Let 7 = {7, 72,..., 7}
denote a periodic task system. For each task 7;, we

define its wutilization U; to be the ratio of 7;’s exe-

cution requirement to its period: U; def C;/T;. We

define the wtilization Usym(7) of periodic task sys-
tem 7 to be the sum of the utilizations of all tasks
in 70 Usum(T) = ZTiET U;. Furthermore, we define
the mazimum utilization Umax(T) of periodic task sys-
tem 7 to be the largest utilization of any task in 7:

Umax(T) def max,, e, U;. We shall also define the hyper-

period P as follows: P % lem{T; | 7; € 7} and n; the

number of 7;’s requests in the interval [O, P) (an inte-

ger) as follows: n; def %. ‘We shall also use the notion

of sporadic task systenzls. Sporadic tasks are similar
to periodic tasks, except that the parameters T; de-
notes the minimum (rather than the exact) delay be-
tween successive jobs of 7;. We assume that the switch-
ing times (which includes preemptions, migrations and
scheduling) may be neglected (they are negligible in
comparison with the task execution requirements.)
We consider in this work homogeneous multiproces-
sor platforms (all the processors are identical). The
scheduling is preemptive and follows the global EDF [6]
policy. “Global” scheduling algorithms, on the con-
trary to partitioned algorithms, allow different requests
of the same task (also called jobs or processes) to be
executed upon different processors. Each process can
start its execution on any processor and may migrate



at run-time from one processor to another if it gets
preempted by smaller-deadline processes.

We consider in this work fault tolerant systems. A
task can fail due to either transient fault of a processor
or internal error. In the case of a transient processor
fault, the processor on which the fault has occurred can
be considered for further scheduling [7]. Task inter-
nal error can be caused for instance by erroneous data
transmitted from sensors and the processor on which
the failure has occurred can also be considered for fur-
ther scheduling. In any case, we assume that faults are
not correlated. We allow task’s replication and we re-
quest that at least one copy of each request does not fail
and meets its deadline. More precisely, we extend the
popular periodic task model and we consider, for each
task 7;, two additional parameters: p; and t;, where p;
is the probability of a task’s request failure and ¢; the
number of copies of the task 7; in the system. Conse-
quently in our model each task is characterized by the
4-tuple (C;, Ty, pi,t;) (note that in this more general
case we have Usym(T) dof Dorer tLTC‘ ).

For each task, the value p; is suzpposed given by the
user. For instance, in the case of transient fault occur-
ring according to the exponential law with p being the

i

mean time between two failures, we have p; = 1—e™ #
which does only depend on the task 7.

2.2. Schedulability

We show here how to compute the size of a platform
in order that all the tasks can be scheduled and meet
their deadline (i.e., all replica of each task job meet
their deadline if they do not fail).

We shall use the following result from [4], which
relates schedulability (feasibility) upon (non-identical)
multiprocessor platforms to EDF-feasibility upon iden-
tical multiprocessors.

Theorem 1 (Theorem 5 from [4]) Let I denote a
hard-real time instance of jobs generated by the spo-
radic task system 7, which is feasible on a multiproces-
sor platform with total computing capacity Usym(7) in
which the fastest processor has a computing capacity
Umax(7). Instance I is scheduled to always meet all
deadlines on m processors each of computing capacity
s by EDF, provided

Usum(7) <m s — (m — 1)Umax(T) (1)

We consider in this work the scheduling of periodic
tasks, the instance I is generated by a periodic task
system 7, moreover we know that 7 is feasible upon a
(non-identical) multiprocessor platform with the total

computing capacity be at least Usym (7), and the fastest
processor be of speed at least Umax(7). Notice that in
our model of computation, the task execution require-
ments C; consider unit-capacity processors (s = 1).
Consequently, from Equation 1, we can derive an

expression for the minimum number of processors: m >

Usum (7)—Umax(7)
1—Umax(7)
Since t; is the number of 7; replicas, we get:

s [y Vet

1 — Umax(7)

Algorithm 1 Computing the platform size

function size(r,n)

Input: 7 a system of n periodic tasks sorted by
decreasing %

Output: m a sufficient number of processors to
schedule all the tasks

k-1 Usum (%) —Umax (7"
=1 te) + ’V Sun’ll(*Ur)nax?:i))(( )—D

return mingcpy ((

Equation 2 gives a sufficient condition on the num-
ber of processors. However, if for some tasks C; = T;
we have Umax = 1 which leads to an infinite value
for m. Hopefully this problem can be overcame us-
ing the EDF® scheduling policy which greatly re-
duces the number of required processors. Without
loss of generality let us assume that the tasks are
sorted by decreasing value of % Then compute

: k-1 Usum (7%) = Umax (7"
Mmin(T) = mlnke[lv”](zezl te) + ’V Sur?(—U;axE?'i))(( )—‘
k

where 7% & {Tky Tht1,---,Tn} is the system 7 re-
stricted to the n — k + 1 last tasks (the n — k + 1 tasks
that have the lowest value of %) One can check that
the system can be scheduled with Mmin (T) processors.
Indeed for each value of k, the k first tasks can be
schedule on Z?;ll ty processors with EDF once each of
them is assigned —oo as (virtual) deadline while the re-
maining n—k tasks can be schedule with EDF using the
number of processors given by Equation 2. The proce-
dure size in Algorithm 1 summarizes this approach.

2.3. Reliability

Let us first characterize the probability to meet the
deadline (and not fail) of at least one replica of each
task’s request in the interval [0, P).

Theorem 2



where P is the probability that all tasks meet their
deadline in the interval [0, P), i.e., at least one copy of
each task’s request meets its deadline and does not fail
in [0, P).

Proof. Please notice that we assume that faults are
independent (not correlated) and that the processor on
which the fault has occurred can be used for further
scheduling. First we characterize the probability P}
that a single request of the task 7; successes, which is
1 — q;, where ¢; is the probability that all the copies
of the request of 7; fail. Hence, ¢; = H?’:l(pl)7 hence
Pil =1- p; .

Now we characterize the probability P/ that the
n; requests of 7; success in the interval [0, P), P/ =
(1 —pii)™i. Consequently, P = [ (1 — pi)™. O

The probability P gives the probability of success
during an hyper-period. This value makes the compar-
isons between different systems difficult. It would be
natural that a system is “as reliable as” another one if,
for a same period of time, the probability of failure is
the same. This is why, users often express the proba-
bility of failure over a period of time: for instance in
commercial flight-control system the required probabil-
ity of failure have to be approximately 1071° /hour [9].

Moreover, in real systems, hyper-period is often very
large and leads to numerical issues. It is then conve-
nient to use smaller observation periods.

Let us now consider the success probability of the
system 7 over a time frame F (large in comparison
with the task periods), which we note Pr. We have:

Theorem 3

n

[Ja-pH'% <P Hl—pz

i=1

Proof. We will use a reasoning close to the Theo-
rem 2. Let PiF be the success probability of all copies
of task 7; in the interval [0, F'). We can see that P/
can be splitted into two parts:

1. success probability of all copies of all requests of
7; having their deadlines before F',

2. success probability of all copies of the request (if
such a request exists) of 7; starting before F' and
having its deadline after F.

The first part can be obtained in the same way as in

Theorem 2, and is equal to (1 — )LT J. We cannot
compute exactly the second part 1f we do not know the
error time distribution and the scheduling algorithm.
But we know that this value is between 1 (if there is

no such request, which is the case is LTEZJ = TELL and
1—p;t if £ is just below [£]. We have then that
(1—p)F < PF < (1-pt)F) vi

The property follows directly from this inequality. [
In the following, we will use the approximation:

”1

%:Hl—pz )T (3)

We justify this approximation in the following way:
the difference (in product) between the two terms of the
inequality is lower than []\, (1 —p;**) (and is equal to
this value if (F 1# %Vz) This value can be neglected
if the ratio f is large in comparison to 1. Our ap-
proximation is a kind of interpolation (or an average)
between the two bounds of our range.

In conclusion, we can choose a time frame F', and €
the maximum tolerated probability of failure on [0, F'),

and check that 1 — Pp ~ 1 —T["_ (1 — p;* )T < e€or
check that I—H?ZI(I—piti)(T%] < e to be sure that 1—

F
Pr < esince [[\—, (1—p;*) ™ is only an approximation.
3. Algorithms

In this section we tackle two symmetric problems.
First, given a target reliability, find the smallest possi-
ble number of processors that achieves this reliability.
Second, given the number of processors, find the best
achievable reliability. For both problems we assume
that the periodic task system is given and that tasks
are sorted by decreasing value of = Ci . Therefore we have
to find ¢; the number of copies of each task.

3.1. Minimizing the number of processors

Algorithm 2 Minimizing the platform size

Input: 7: a sorted system of periodic tasks
e: maximum tolerated probability of failure
F: a time frame of study

Output: m the size of the platform
Vit; the number of copies of task 7;

1 Vit; — 1
2 while 1 — ], (1 —pzi)% > e do
3 increase copies of some tasks according

to one of the heuristics of Section 4.
4 m «size(r,n)




For minimizing the size of a platform we propose the
Algorithm 2. In entry it takes, a periodic system 7, € a
maximum tolerated probability of failure and F' a time
frame. It outputs ¢; the number of copies of each tasks
7; and m the size of the platform such as the following
constraints are met: (1) m is small as possible, (2)
in the interval [0, F') the probability of failure of the
proposed solution is approximately lower than e, and
(3) the task set is EDF-schedulable on m unit-capacity
processor (if we do not consider job failures).

At the beginning of the Algorithm 2 the number of
copies of every tasks is set to 1. Then, while 1 —Pg > ¢,
we increase the number of copies of the tasks until the
probability of failure of the system is smaller than e.
Then using Algorithm 1, we compute a sufficient num-
ber of processors such that the system is schedulable.

In Section 4 we will discuss the different ways to
increase the number of copies of the tasks.

3.2. Optimizing reliability

Algorithm 3 Minimizing the failure probability

Input: 7: a sorted system of periodic tasks
m: the size of the platform
F': the time frame of study
Output: e: maximum tolerated probability of failure
Vit; the number of copies of task 7;
1 Vit; — 1
2 while size(7,n)< m do
3 increase copies of some tasks according
to one of the heuristics of Section 4.
4 cancel the last increase of copies

n t; ra
5e—1-J[_,(1—p)%

For minimizing the probability of failure we propose
the Algorithm 3. It takes, a periodic system 7, m the
size of the platform and F' the time frame of study.
The output is the number of copies of each task and
€ the probability of failure in [0, F). It meets the fol-
lowing constraints: (1) € is as small as possible, (2) the
required size of the platform is not greater than m and
(3) the task set is EDF-schedulable on m unit-capacity
processor (if we do not consider job failures).

At the beginning of the Algorithm 3 the number of
copies of all the tasks is set to 1. Then as long as
the system is schedulable, we increase the number of
copies of the tasks. Schedulability is checked using Al-
gorithm 1. Then we compute the probability of failure
of the system using eq. (3).

Note that again, there is several ways to increase the
number of copies of the tasks (see next section).

4. Duplicating tasks

By definition of Pr we know that Pr increases as t;
increases. This means that duplicating tasks increases
the probability that at least one copy of each task job
meets its deadline and does not fail, or symmetrically,
that the probability of failure decreases.

Moreover, we see that from Equation 2 increasing t;
may lead to an increase of m. This means that dupli-
cating tasks increases the required size of the platform.

Therefore, in order to solve our problem, we need to
carefully choose which task to duplicate. Moreover the
way we choose how to duplicate the task will influence
the speed of convergence of each algorithm. The con-
vergence of each algorithm is guaranteed by ensuring
that any task can potentially be duplicated infinitely.

We propose 5 heuristics for choosing how to increase
task’s number of copies.

Increase all The simplest solution consists in in-
creasing the number of copies of all the tasks:

We do not expect that this heuristic will give good
results in general but it will be a very fast one.

Min utilization In Equation 2 the number of pro-
cessors increases with Usym = Zn cr tTC With this
heuristic we increase t; for the task where

. e
1 = argmin .
g T,

This heuristic aims at choosing the task that, once
duplicated, will increase minimally the number of pro-
cessors. The drawback is that it does not take into
account the probability of failure of tasks.

Min failure In this heuristic we duplicate the task
that have the highest probability to fail: increase t;
such that
1 = argmax (pf) .
This duplication scheme is only based on probability
and not on utilization.

Min failure-request In this heuristic we duplicate
the task for which the probability to fail times its num-
ber of requests is the highest: increase t; such that

, = argma —ptl
1 = argmax -
Til

The idea is to duplicate tasks with the largest proba-
bility such that at least one of its request fails in [0, F').



Min failure-utilization The idea of this heuristic
is to duplicate tasks that have a high probability of
failure and low utilization: increase ¢; such that

1= ar min( Ci )
; g Tip? .

The idea is to duplicate tasks that have a high failure
probability. As the previous heuristic, this one aims at
taking into account all the tasks characteristics.

5. Simulation results

We have implemented the 5 variants of each pro-
posed algorithm (10 heuristics in total). In order to
evaluate each heuristic we have generated several sce-
narios composed of a random periodic systems and a
random value of € (in the case of minimizing the num-
ber of machines) or m (in the case of optimizing the
reliability). We have used the following parameters:
Ninax the maximum number of tasks, Ty, the maxi-
mum period and F' the time frame of study (i.e. the
duration during which we compute the probability of
failure according to Eq. (3). We denote by Ula,b] a
random number chosen uniformly in [a,b]. For build-
ing a periodic system we first compute the number of
tasks in U[1, Npax]. Then for each task 7; we com-
pute its period T; in U[l,Tyax. Its duration C; is
randomly chosen in U[1,T;]. Finally, in order to have
a fine control of the heterogeneity of the system, we
use three classes of probability of failure. We pick up
a class ¢ in U[1,3] and choose p; in U[1072,10719] for
the first class, in U[1078,107%] for the second class, or
in U[1072,1071] for the third class. In the following
experiments are done on a powerpc G4 at 1GHz with
1GB of RAM running MacOSX 10.4.4 and we will have:
Nmax = 30, Tax = 50 and F' = 360000 (if a unit of
time is 10 ms, then F' is 1 hour).

5.1. Minimizing the number of processors

In Table 1, we compare the heuristics over 1000
scenarios for 3 classes of tasks and e is chosen in
U[107%,107°]. Column nby, displays the number of
times the heuristics have given the best results (against
the other heuristics), column mgyy, gives the sum of
all the platform sizes computed by the heuristics and
column time displays the cumulative run-time of each
heuristic. Table 2 displays the same data but for only
one class of task (the first one).

Table 1 Comparing heuristics for the platform mini-
mization problem (3 classes of tasks)

Heuristic nbyin | Msum time (s)
Increase all 65 139273 0.219
Min utilization 60 240388 11.002
Min failure 607 58260 1.416
Min failure-request 972 57544 1.466
Min failure-utilization 554 58529 1.480

Table 2 Comparing heuristics for the platform mini-
mization problem (1 class of tasks)

Heuristic Dbyin | Msum | time (s)
Increase all 189 26664 | 0.0515
Min utilization 83 39491 1.200
Min failure 670 25112 0.353
Min failure-request 972 24698 0.331
Min failure-utilization 599 25250 0.351

From these tables we see that the heuristics which do
not take into account probability are less efficient that
the others. We see that the Increase all heuristic is
the fastest one, and that the heuristics which take into
account probability (the last three one) give similar
results, Min failure-request being the best of the 3. We
also see that Min wutilization is the slowest heuristic.
The main reason is that, in many cases, it does not
choose the right task to duplicate and therefore it takes
a longer time to find a duplication scheme that meets
the reliability requirements.

Figure 1 epsilon vs. m/mpy, (3 classes of tasks)
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In Figure 1 and 2 we plot how varies the ratio
m/Mmin, Where m is the solution of a heuristic and
Mpmin 18 the minimum size of the platform (when e = 1



Figure 2 epsilon vs. m/mpy, (1 class of tasks)
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search). We see that, for our 3 best heuristics, the dif-
ference between the heuristic and the optimal is most
of the time 0, moreover, it never exceeds 3 for these
heuristics.

5.2. Optimizing Reliability

In Tables 3 and 4 we show the results of the com-
parison of our heuristics for the reliability optimization
problem. For each experiment the target size of the
platform is chosen in U[mumin, 3 - Mumin] where myy,iy, is
the size of the platform assuming that no duplication is
allowed. In column €.y, we plot the geometric average
of the found probability of failure given the target size.

and no task is duplicated). We have n = 30 for Fig. 1
and n = 11 for Fig. 2.

These figures corroborate the previous results. It
shows that the 3 heuristics Min failure, Min failure-
request, Min failure-utilization have about the same
performance, Min failure-request being slightly the best
one.

Figure 3 epsilon vs. m — mgpt
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Moreover we see that it is required to have about a
platform 10 times larger than the case ¢ = 1 to have
a failure probability of 10740 for the 3 classes of task
problem. When the probability of failure of the task is
small enough, for € = 10740, we see that the reliability
is ensured by having a platform 5 times larger than the
original one. This number might seem large. In order
to counter this intuition we plot in Figure 3, the differ-
ence m — Mept, where m is the solution of a heuristic
and mept is the optimal solution (found by exhaustive

Table 3 Comparing heuristics for the reliability opti-
mization problem (3 classes of tasks)

Heuristic nbywin €avg time (s)
Increase all 317 | 6.228.10° 1 0.083
Min utilization 321 | 6.066-107°1 1.487
Min failure 574 | 7.998.107°% | 0.942
Min failure-request 881 | 7.028-107°% | 0.931
Min failure-utilization | 598 | 8.276-107°2 1.021

Table 4 Comparing heuristics for the reliability opti-
mization problem (p; € U[107'2,10717])

Heuristic nbywin €avg time (s)
Increase all 71 1.260-107 7 | 0.094
Min utilization 71 7.582:107°7 | 1.906
Min failure 282 | 1.943.107 1.030
Min failure-request 863 1.271-107* 1.047
Min failure-utilization | 318 | 2.195.107*! 1.121

We see that once again, Min failure, Min failure-
request, Min failure-utilization provide similar perfor-
mances Min failure-request being the best one. We also
see that for this problem Min utilization is the slowest
heuristic while Increase all is fastest one.

In Fig. 4 (resp. 5) we plot the evolution of the com-
puted reliability against the m/muyi, where m is the
target size of the platform and my,;, is the size of the
platform with no duplication, for 30 (resp. 11) tasks
system with 3 (resp. 1) classes of tasks. We see that (as
the y axes is logarithmic) that the probability of failure
decreases exponentially with the size of the platform.
Once again we see that Min failure, Min failure-request,
Min failure-utilization provide the best reliability for
any size of the platform.




Figure 4 epsilon vs. m/mpy;, for 3 classes of tasks.
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Figure 5 epsilon vs. m/muyi, for 1 class of task.
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6. Conclusion

In this paper, we considered the scheduling of hard
real-time periodic task sets on identical multiprocessor
platforms using EDF(*). We considered fault tolerant
systems, since jobs can fail due to either transient fault
of a processor or internal error. We proposed a tech-
nique based on task replication in order that all jobs
of each task meet their deadline (in terms of probabil-
ity), i.e., at least one replica of each task job meets its
deadline and does not fail. We studied two symmet-
ric problems. First, given a target reliability find the
smallest possible number of processors that achieves
this reliability. Second, given the number of processors
find the best achievable reliability. We proposed first a
technique, based on EDF(*) [4], for minimizing the size
of the multiprocessor platform (i.e., the number of pro-
cessors) and based on that we proposed various heuris-

tics for choosing the number of copies of each task.
Simulation results showed that the heuristics based on
the probability failure of task are significantly more ef-
ficient than the others. The experiments showed also
that the heuristic Min failure-request is the best one.
We also showed that our 3 best heuristics (based on
the failure probability) are nearly optimal.

In further work we plan to tackle the problem where
processor speed are different or where probability of
failure depends on the processors. For the first case
this requires to extend our schedulability test, while for
the second case a new characterization of the reliability
has to be found.

References

[1] 1. Assayad, A. Girault, and H. Kalla. A Bi-Criteria
Scheduling Heuristics for Distributed Embedded Sys-
tems under Reliability and Real-Time Constraints.
In Proc. Intl. Conf. on Dependable Sys. and Net.
(DSN’04), Firenze, Italy, June 2004.

[2] A. A. Bertossi, A. Fusiello, and L. V. Mancini. Fault-

Tolerant Deadline-Monotonic Algorithm for Schedul-

ing Hard-Real-Time Tasks. In Proc. 11*"* Intl. Parallel

Proc. Symp., 1997.

S. Ghosh, R. Melhem, and D. Mossé. Fault-Tolerant

Scheduling on a Hard Real-Time Multiprocessor Sys-

tem. In Proc. 8" Intl. Parallel Proc. Symp., pages

775-782, 1994.

[4] J. Goossens, S. Funk, and S. Baruah. Priority-driven
scheduling of periodic task systems on uniform multi-
processors. Real Time Systems, 25:187-205, 2003.

[5] C. M. Krishna and K. G. Shin. On scheduling Tasks
with a Quick Recovery from failure. [EEE Trans.
Computer, C-35(5):448-455, 1986.

[6] C.L.Liuand J. W. Layland. Scheduling algorithms for
multiprogramming in a hard-real-time environment.
Journal of the ACM, 20(1):46-61, January 1973.

[7] G. Manimaran and C. Siva Ram Murthy. A Fault-
Tolerant Dynamic Scheduling Algorithm for Multi-
processor Real-Time Systems and its Analysis. I[FEE
Trans. on Parallel Dist. Syst., 9(11):1137-1152, Nov.
1998.

[8] Y. Oh and S. H. Son. An Algorithm for Real-Time
Fault-Tolerant Scheduling in Multiprocessor Systems.
In Fourth FEuromicro workshop on Real-Time Systems,
pages 190-195, 1992.

[9] S. Shatz, J. Wang, and M. Goto. Task Allocation for
Maximizing Reliability of Distributed Computer Sys-
tems. IEEE Trans. on Computers, 41:156-168, Sept.
1992.

[10] T. Tsuchiya, Y. Kakuda, and T. Kikuno. A New Fault-
Tolerant Scheduling Technique for Real-Time Multi-
processor Systems. In Proc. 2" International Work-
shop on Real-Time Computing Systems and Applica-
tions, pages 197-202, 1995.

3




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d530a930f330c8306e57cb30818fbc307f3092884c308f305a3001753b50cf89e350cf5ea6308267004f4e9650306b62913048305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF00490045004500450020005300740061006e00640061007200640073>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


