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Abstract—In this paper, we present a new tri-criteria scheduling
heuristic for scheduling data-flow graphs of operations o parallel
heterogeneous architectures according to three criteria: first the
minimization of the schedule length crucial for real-time gstems,
second the maximization of the system reliability crucial ér dependable
systems, and third minimizing energy consumption crucial ér
autonomous systems. The proposed algorithm is a list schelhg
heuristics, It uses the active replication of operations toimprove the
reliability and the dynamic voltage scaling to minimize the energy
consumption.

Keywords: Distributed real-time systems, safety-critical systems, reli-
ability, multi-criteria scheduling, heterogeneous systas, active software
replication.

I. Introduction

Distributed systems are being increasingly used in critieal-time
applications, such as avionics, air traffic control, altipsystems,
and nuclear plant control, in which the consequences of ngsai
tasks deadline may cause catastrophic loss of money, timeyem
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optima while the pointsz?, z*, andz* arestrong optima. The set of
all Pareto optima is called theareto curve.

It is fundamental to understand that no single solution agribwe
pointsz?, 3, andz* (the strong Pareto optima) can be said, a priori,
to be the best one. Indeed, those three solutions@reomparable,
so choosing among them can only be done by the user, depending
on the precise requirements of his/her application.

The main contribution of this paper is TSH, the first tricider
scheduling heuristics able to produce, starting from anliegimon
algorithm graph and an architecture model, a set of Parétticus
in the space (length, reliability, power), and taking inte@mt the
relationship between the reliability and the voltage lelrladdition,
the power consumption of both operations and data-depeisdeae
considered in this paper and the soundness of TSH is deratathtr

Il. Related work

Many solutions exist in the literature to optimize the salledength
and the energy consumption (e.g., [10]), or to optimize ttedule

human life. This is why such systems require a high religbilitlength and the reliability (e.g., [5]), but very few tackleetproblem

Here, reliability is defined as the probability that none af gystem
components will fail while processing.

of optimizing the three criteria (length,reliability,egg). The closest
to our work are [11], [14].

We present a scheduling heuristics that, from a given softwa Zhu et al. have studied the impact of the supply voltage on the

application graph and a given multiprocessor architecpreduces a
static multiprocessor schedule that optimizes threer@ités length
(crucial for real-time systems), itgliability (crucial for dependable
systems), and itpower consumption (crucial for autonomous sys-
tems).

Second criteriorZs

. First
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Fig. 1. Pareto optima and Pareto curve for a bicriteria mizétion problem.

Let us address the issues raised by multicriteria optinazat
Figure 1(a) illustrates the particular case of two critetia be
minimized. Each pointz' to z”
different tradeoff between th&; and Z criteria: the pointsz!, z2,
z3, z*, andz® arePareto optima [13]; the pointsz! andz® areweak
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failure rate [14], in a passive redundancy framework (primzckup
approach). They use DFS and DVS to lower the energy consumption
and they study the tradeoff between the energy consumptidrihen
performability (defined as the probability of finishing thepication
correctly within its deadline in the presence of faults).Hogretheir
input problem is not a multiprocessor scheduling one siheg study

the system as a single monolithic operation executed on glesin
processor.

Pop et al. have addressed the tricriteria optimization lprab
(length,reliability,energy) on an heterogeneous archire with a
reliable bus [11]. Both the length and the reliability ar&eta as a
constraint, respectively with a given upper and lower boundvéter,
it is assumed that the user will specify the number of progesso
failures to be tolerated (with re-execution or passive ogpion) in
order to satisfy the desired reliability constraint.

lll. Models

A. Application algorithm graph
Most embedded real-time systems are reactive, and therefmsist

represents a solution, that is, asf some algorithm executed periodically, triggered by dquic exe-

cution clock. Our model is therefore that of an applicatiogoathm
graph Alg which is repeated infinitely.Alg is an acyclic oriented
graph (X, D). lIts nodes (the seft) are software blocks called
operations. Each arc ofdlg (the setD) is adata-dependency between
two operations. IfX>Y is a data-dependency, théhis apredecessor
operation of operatiorY”, while Y is a successor operation ofX.
OperationX is also called theource of the data-dependency >V,



