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Abstract. This paper proposes the Makespan and Reliability Cost
Driven (MRCD) heuristic, a static scheduling strategy for heterogeneous
distributed systems that not only minimizes the makespan but also max-
imizes the reliability of the application. The scheduling decisions made
by MRCD are guided by a weighted function that considers both ob-
jectives simultaneously instead of prioritizing only one of the objectives.
This work also introduces a classification of the solutions produced by
weighted bi-objective schedulers to aid users to tune the weighting func-
tion in order to generate an appropriate solution in accordance with their
needs. In comparison with related work, MRCD produced schedules with
makespans that were significantly better then those produced by other
strategies at expense of an insignificant deterioration in reliability.

1 Introduction

Resources in large parallel and distributed systems may not be available for a
long period of time. Therefore, when executing an application on such systems
it is important to tackle reliability and fault-tolerance issues. Aiming an effi-
cient execution of parallel applications on distributed heterogeneous system, this
work specifies a schedule strategy that considers not only the minimization of
the running time or makespan, but also maximizes the reliability of the applica-
tion execution. The target application is represented by a directed acyclic graph
(DAG), whose vertices are the tasks and edges are dependencies between them.
A weighted bi-objective cost function that integrates both objectives guides the
decisions to schedule the tasks of the parallel application on heterogeneous sys-
tems susceptible to failures.

In the literature, there is a variety of works that deal with this problem, which
specifies in the cost function the two objectives in distinct ways. The work in [1]
is a real time system oriented scheduling algorithm which orders the tasks of a
parallel application by their deadlines. The cost function is a hierarchical one,
since for each task, the subset of processors that maximizes the reliability is iden-
tified, and then the processor from this subset that minimizes the earliest start
time is selected. As a consequence, the results favour the reliability rather than
the execution time of the application. The authors in [2] derived the importance of
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the product failure rate X task execution time for the case of scheduling indepen-
dent tasks onto processors and proposed an extension of list scheduling heuristics,
like HEFT [3], by taking into account reliability. In [4] a weighted bi-objective list
scheduling algorithm (BSA) is proposed. After sorting the tasks in non-increasing
order of their priority, the chosen processor is the one that minimizes a weighted
integrated cost function. The objectives makespan and reliability are normalized
by their maximum values and combined in the function. Nonetheless, [4] presents
the use of only three solutions: the one that minimizes only the makespan; the one
that weights equally both objectives; and the one that maximizes only the relia-
bility. It must be pointed out that there are also works which manipulate multi-
ple objective functions [5]. However, these approaches usually belong to a class of
heuristics which are out of the scope of this paper.

The Makespan and Reliability Cost Driven (MRCD) proposed here is a list
scheduling heuristic that takes into account the reliability and makespan based
on [I]. However, instead of considering both objectives in a hierarchical fashion,
the proposed cost function integrates both objectives simultaneously. The way
in which the strategy was designed allows that the maximization of the reliabil-
ity does not compromise the minimization of the makespan. The experimental
analysis shows that MRCD produced schedules with very efficient performance
when compared with other works from the literature. Besides, a classification of
the solutions generated by weighted bi-objective schedules is presented as a way
to aid the choice of a solution that better achieves the users’ needs.

2 Scheduling Model for Distributed Systems with Faults

In this work, the application model is based on the class of parallel applications
that can be represented by directed acyclic graphs (DAGs). A task graph is
denoted by G = (V, E,e,w), where: the set of vertices V' represents tasks; E, the
precedence relation among them; £(v) is the amount of work associated with task
v € V; and w(u, v) is the weight associated with the edge (u,v) € E, representing
the amount of data units transmitted from task u to v.

The architectural model specifies the main features of the target architecture.
Given the set P = {po,p1,...,pm—1} of available heterogeneous processors, the
computational slowdown index csi(p;) is associated to each p; € P, which is in-
versely proportional to the computational power of p;, as identified by [6]. The
communication delay index cdi; ; estimates the latency cost associated with each
communication link (p;, p;). Therefore, the execution time of a task v on a proces-
sor p; is et(v,p;) = e(v) x ¢si(p;). The communication time to send the amount
w(u,v) of data between the adjacent tasks u and v allocated to distinct processors
pu and p, is given by ct(u,v) = w(u,v) X edi(py, py). Note that cdi(py,p,) =0
if p, = py. Upon the definition of these costs, a schedule algorithm may need
to calculate the earliest time that a task v can start its execution on processor
p;, which is EST (v, p;) = maxy,cpred(w) L EST (4, pu) + et(u, pu) + ct(u,v)} and
depends on the schedule of v’s predecessor tasks and the availability of the pro-
cessor. The earliest finish time of task v on processor p; is then EFT(v,p;) =
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EST(v,p;) + et(v,p;). A schedule Sch of a DAG G specifies, for each v € V,
the processor and the time in which v must be completed. The schedule length
or makespan of Sch is defined as M(Sch) = maxyyeyv{EFT (v,py)}.

The reliability of a system is based on the probability in which resources of the
system execute tasks without any failure [I]. In this work, only processor failures
are considered, which are statistically independent and follow a Poisson Law with
a failure rate of FR(p;) Vp; € P [7]. This rate represents the number of processor
failures per unit of time that can occur. It is assumed here that the communica-
tion links between processors are reliable, based on the assumption that commu-
nication protocols are able to tolerate their failures [7]. The task reliability cost
associated with the execution of v in p; is then RC(v,p;) = FR(p;) x et(v, p;),
which should be minimized. Given the set of tasks allocated to p;, V,,, C V,
the processor reliability cost is then RC,(p;) = Zwevpj RC(v,p;). As a conse-
quence, the system reliability cost associated with the execution of G' on P in
accordance with a schedule Sch is RC(G, P, Sch) = 3y, cp RCy(p;). Finally,

as in [I], the total reliability of the scheduled G in P is Ry = e~ RC:(G.PSch)
which is the probability that the application G' can run successfully on the set P
under the schedule Sch during its execution. As a matter of fact, Ry should be
maximized and also, by minimizing the task reliability cost RC(v, p;), the total
reliability R7 becomes close to one.

3 A Weighted Bi-objective Scheduling Strategy

The MRCD scheduling algorithm follows the traditional list scheduling frame-
work: firstly, during the ordering phase, a priority is associated with the tasks.
Then, during the scheduling phase, each task with the highest priority is al-
located to the processor that minimizes a cost function. This work defines a
weighted bi-objective function to guide the scheduling process, such that not
only the makespan of the application is minimized but also the total reliabil-
ity of the application scheduled in P is maximized. The specification of proper
weights to the objectives can be however, troublesome. On an attempt to pro-
vide information to aid this specification, a metric is also generated by MRCD,
which is the average difference between the two objectives.

The bottom level blevel(v) is the priority assigned to the tasks in V as in [3].
During the scheduling phase, the algorithm seeks for the processor that opti-
mizes the cost function. For doing so, MRCD also implements the tasks inser-
tion procedure from [3]. Let v be the next task to be scheduled with the highest
blevel(v). The chosen processor p, is the one that minimizes the cost function
f(v,py) = miny, cp{(1 — w)EFT(v,p;) + wRC(v,p;)}. When w = 0, MRCD
becomes similar to HEFT [3], in which the objective is only the minimization of
the makespan. When w = 1, MRCD only considers the reliability.

A closer look to f(v,p;) can take one to note that the values of the ob-
jectives are not comparable and aggregating them is not straightforward. In
Therefore, it is necessary to normalize both objectives EFT (v, p;) and RC(v, p;)
for each task in V over the set of processors P. The normalization procedure
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transforms all the objectives so that they share the same minimum and max-

imum values 0 and 100. Then, the linear operator applied to the it" objective
is O = norm(0,100, 07" O™Ma) = 100 x Ogl;?g@ﬁ, where O™ and O"a®
are the minimum and maximum values of the i** objective, respectively. In this
work, O}, can be either the normalized values EFT,(v,p;) or RC,(v,p;).

Algorithm 1. MRCD(G,P,w)

1 Vora = (vo,v1,...,vn—1)/blevel(v;) < blevel(vit1),i =0,...,n — 2;

2 fori=0,...,n—1

3 F = oo;

4 ij eP

5 Calculate EST (vs,p;) using taskInsertion(vi, p;);

6 EFT(vi,p;) = EST(vi,p;) + et(vi, p;);

7 RC(vi,p;) = FR(p;) % et(vi, p;);

8 EFT,in = minpjep{EFT(vi,pj)}; EFTmaz =

maxp; e p{EFT (vi,pj)};
9 RCmin = miny,; e p{RC(vi, pj) };
10 RCmaz == maijEP{RC(U’iapj)};

11 Vp; € P

12 EFT,(vi,p;) = norm(0,100, EF Trmin, EF Tmaz, EFT (vi,;5));
13 RCy(vi,p;) = norm(0,100, EF Trmin, RCmaz, RC(vi, p;));

14 f(wi,pj) = (1 —w) x EFT,(vi,p;) + w X RCy(vi,pj);

15 if (f(vi,ps) <F)

16 F = f(vi,p;); po; = ps;

17 if (M(Sch) < EFT(vi,pv;)) M(Sch) = EFT (vi, pv,);

18 RCs = RCs + RC(vi, pv,);
19 Sch = Sch U (vi, pv;, EST (vi, pv;));

Y v, ev BRCn(vi,pv; ) —EF Ty (v;i,pv;)
_ i i i),
= - :

20 R = e 7%, D(Sch)
Algorithm[Ilshows the steps of the MRCD Algorithm for a given G = (V, E, €,w)
and set of processors P. The ordering phase of MRCD generates the list V,,.q
of tasks in non-decreasing order of blevel(v) (line [l). The scheduling phase is
executed for each v; € V,,.4 from lines ] to [[9 where in lines @ to [[, the ear-
liest finishing time EFT (v;,p;) and the minimal task reliability RC(v;, p;) are
calculated, for each p; € P. In lines § to [[0, both the minimal and maximal
values for EFT(v;,p;) and RC(v;,p;) over all p; € P are collected and then
applied to the normalization procedure. The normalized values of EFT,, (v;, p;)
and RC),(v;,p;) are then applied to the cost function f(v;,p;) where the pro-
cessor which minimizes it is identified (lines [[H and [[8). MRCD generates the
final schedule Sch, its makespan M(Sch) and the total reliability cost Rr, as
seen in lines [, [9 and R0, respectively. Furthermore, with the normalized
values EFT, (v;, py;) and RC,,(v;, py, ), for each v; in its best processor p,,, their
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difference portrays the imbalance degree between both objectives. The average
difference or imbalance degree between the objectives D(Sch) of the resulting

schedule Sch is given by D(Sch) = Lviev RC"(vi’p::)iEFT"(vi’pw), as seen in
line 20l The sign of D(Sch) shows which objective most contributed to the spec-
ification of the produced schedule. If negative, the reliability cost contributed
more, otherwise, the makespan dominates. In this way, if its module |D(Sch)|
is close to zero, the imbalance degree is practically negligible and an equally
contribution of the objectives are held.

3.1 A Classification of the Weights Applied to the Cost Function

When many and probably conflicting objectives are optimized simultaneously,
there is no longer a single optimal solution but rather a whole set of possible
solutions of equivalent quality. In the problem tackled in this work, the two
objectives might be conflicting: while a processor can finish the execution of an
application task quickly, a high failure rate can be assigned to it depending on
the reliability model. Therefore, there is no single optimum solution to be found
and actually a variety of solutions can be optimal in some sense. This work
provides the users the option to assess the trade-offs between the objectives
with additional information about this set of solutions.

Let S be the set of all feasible solutions for the bi-objective problem tackled
here. Let Sy, = (Schi, M(Schy), Rr(Schy), D(Schy)) be one solution of the bi-
objective problem and the associated additional information to be analysed. A
solution Sy, € S dominates another solution Sy if the following conditions are sat-
isfied: (i) Sy is not better than Sy in both objectives, i.e. M(Schy) < M(Schy)
and Rp(Schy) > Rr(Schy); (ii) Sk is absolutelly better than S, in at least one
of the objectives, i.e. M(Schy) < M(Schy) or Rp(Schy) > Rr(Schy). The solu-
tion S, is dominant and S, is dominated by Sj. If Si, does not dominate S, and
vice-versa, the solutions are incomparable [B]. A variety of feasible solutions can
be produced by MRCD for the same input DAG G and target system if different
w values are given to the algorithm. Let W be the set of values associated with
w of the cost function in MRCD. In accordance with the dominance condition
(i) and (ii) described above, the set of all solution in S that are dominants and
incomparable is denoted as S’ (non-dominated). Note that the solutions in S’
are not dominated by any other solution in S. The concept of dominance can
be sometimes too weak for applications, in cases where one objective can be im-
proved significantly at a cost of a small deterioration of the other. This concept
does not necessarily tell which solutions to chose, but rather which solutions to
avoid [5].

A classification is then proposed, having the knowledge of the solutions in S’.
The solution S, € S’ that offers an equilibrium between the objectives are those
with the smallest value of |D(Sch.|. The set of solutions Sg, is compounded of
those Sy € S’ with the smallest D(Schy), and consequently are the ones with
the highest total reliability Rp(Schy). On the other hand, the set of solutions
denoted by Sxq contains the S, € S’ with the highest D(Schy), i.e. are those
with the minimum makespan M (Schy,).



An Efficient Weighted Bi-objective Scheduling Algorithm 107

4 Experimental Results

The proposed scheduling algorithm MRCD was compared with other schedul-
ing strategies from the literature, which were divided into two classes: the first
one produces a unique solution, denoted as Class 1, encompasses the heuristics
HEFT [3], RCDMod (based on [I] ) and RHEFT (based on [2]); and Class 2, con-
taining BSAMod based on [4] that can also produce several solutions. BSAMod
emplows a cost function that although seems similar to MRCD produces differ-
ent results, added to the fact that a distinct normalization procedure is used.
In order to have a fair comparison with MRCD, some of these heuristics were
implemented with small changes, as will be describe next.

In Class 1, since HEFT minimizes only the makespan of the resulting
schedule, to fairly compare with MRCD, this work derived Ry based on the
final schedule produced by HEFT. The work [I] also gives a solution for the bi-
objective scheduling problem, but uses a hierarchical cost function. Differently
from the original proposal, RCDMod was implemented with no time
constraints (deadlines) and the employed cost function used the tasks comple-
tion times instead of their start times. Finally, RHEFT implements the list
scheduling approach of HEFT, but considers both objectives in its cost func-
tion as the multiplication of the execution time and failure rate as in [2]. In
Class 2, BSAMod also tackles the bi-objective problem by using the function

2 2
5008 = 40 (o 2Ty ) =00 (058 ) 5 s
in [4], but sorts tasks by blevels(v) and executes the task insertion procedure.

All heuristics were executed over synthetic applications represented by three
classes of DAGs: one that represents the Gaussian Elimination, denoted by G,;
the diamond DAG Di,, which represents, for example, matrix multiplication;
and random generated DAGs R,,, graphs with irregular topologies. In all the
cases, n denotes the number of tasks of the DAG. In all graphs, a unit cost was
associated with the communications between tasks. The same does not hold for
the tasks weights. In G,,, each v € V has a distinct computation weight, while
in both R,, and Di,, the weight e(v) = 50.

The simulated distributed system was composed of m processors divided into
three groups, denoted as Py, P; and P, each one with m/3 processors. The
processor failure rate, FR(p;), was uniformly generated in [107°,3.3 x 1079,
Vp; € Py; [3.4 x 1075,6.6 x 1075], for p; € Pp; [6.7 x 107°,1074], for p; € P,
as proposed in [I]. Concerning the computational slowdown index, the adopted
values were csi(p;) = 73, for p; € Py; csi(p;) = 53, for p; € Py; csi(p;) = 33, for
p; € Py, which were obtained from [6]. The failure rate is per second and the
makespan value in seconds.

An illustration of the proposed scheduling algorithm and the classification of
w values given by MRCD considering G792 and the architectural scenario with
24 processors is shown in Table [I] where: w is the weight applied to the cost
function f(v,p;); M is the makespan of the produced schedule; Ry is the total
reliability; and the associated average difference D. The columns in bold show
S’, the non-dominated solutions. Among them, three solutions are particularly
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interesting under the classification proposed in Section B} Saq, Sg, and S.
for w = 0.4, w = 0.9 and w = 0.7, respectively. From the definition of D and
the normalized values RC,, and EFT, in Algorithm [l for high values of w and
consequently, low values of D, MRCD tends to maximize reliability, otherwise,
the makespan is minimized.

Table 1. Solution provided by MRCD for G7o2

w 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

M 902.8 902.8 902.8 902.8 906.3 1266.4 3463.3 7072.2 12687.4
RT 0.44084 0.44768 0.45400 0.45539 0.46016 0.48362 0.53184 0.59064 0.62604
D 49.1 45.7 42.8 41.0 38.7 27.8 -4.8 -36.3 -57.3

4.1 Comparing MRCD with Other Heuristics

The first set of experiments compares the results of MRCD with the heuristics in
Class 1. Table 2 presents the pair makespan and the system reliability (M, Rr),
and also average difference D for each DAG, considering the three following
comparisons. The first comparison C1 gives the results of HEFT and MRCD,
C2 shows the results of RCDMod and MRCD, and C3 compares RHEFT and
MRCD. In each case, the MRCD solutions selected were: Sy from S’ in C1 for
a fair comparison with HEFT; Sg,. € S’ in the case of C2, since RCDMod gives
higher priority to the processors that maximizes reliability; and the dominant
solution or in case of MRCD solutions do not dominate the RHEFT solution,
the MRCD solution closest to the RHEFT one is shown. A solution S; is the
closest one to another solution S; if it presents the smallest Euclidian distance
from it considering normalized values.

It can be observed that with the increase of n, the makespan also grows and
the reliability decreases. As the number of tasks executed on a fixed number
of processors grows, the processors loads also increase and consequently their
reliability costs. Table 2] also shows that the solutions in C1 have worse reliabil-
ity than the results in C2 and C3, but the makespan are amazingly smaller. It
happened because in the employed environment, the fastest processors were also
the most susceptible to failures, and the chosen values for w gave priority to the
minimization of the makespan. Most interestingly, MRCD presented better solu-
tions than HEFT in all graphs. By choosing MRCD solutions with the greatest
D values (the Sy solution), the algorithm showed to be capable of producing
solutions with makespans as good as (or better than) those of HEFT, but with
better reliability.

In C2, RCDMod presented slightly better reliability than the results Sg, for
each DAG in Table 2l Remark that such heuristic employs a hierarchical cost
function that prioritizes the reliability only, and although the MRCD solutions
also consider reliability, the makespan was not neglected since the cost function
integrates both objectives. However, it is important to note that the makespan of
the RCDMod are almost the double of those presented by MRCD. Finally in C3,
MRCD solutions dominated RHEFT solutions in many graphs. RHEFT employs
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Table 2. Results for Gauss, Random and Diamond DAGs on m = 24 processors in
Class 1

C1 C2 C3
DAGNy HEFT MRCD D RCDMod MRCD D RHEFT MRCD D

Gisa  (190.0, (190.0, 30.3 (2406.0, (1283.3, -58.7 (694.9,  (449.4, -13.2

0.92071) 0.93294) 0.95761) 0.95546) 0.94573)  0.94287)

Gasa  (318.7, (318.7, 31.0 (5201.9, (2715.6, -58.1 (1309.6, (856.3, -7.6
0.83511) 0.85879) 0.91061) 0.90609) 0.88130) 0.87844)

Gs7r  (480.4, (480.4, 32.7 (9603.8, (4981.5, -57.2 (2204.6, (1494.8, -6.3
0.71847) 0.75140) 0.84124) 0.83350) 0.78693) 0.78560)

Gsar (6751, (675.1, 35.6 (15976.7, (8211.0, -57.1 (3560.9, (2273.0, -4.4
0.58537) 0.61228) 0.75007) 0.73851) 0.66798)  0.66578)

Groz  (902.8, (902.8, 41.0 (24685.6, (12687.4, -57.3 (5258.9, (3463.3, -4.8
0.44064) 0.45539) 0.64124) 0.62604) 0.52865) 0.53184)

Rso  (330.0, (330.0, 27.7 (5840.0, (3066.0, -58.7 (1022.0, (949.0, -13.2
0.82648) 0.84159) 0.90021) 0.89523) 0.85271) 0.86478)

Ros  (330.0, (330.0, 29.9 (7154.0, (3650.0, -58.7 (1460.0, (1314.0, -10.6
0.79053) 0.80765) 0.87917) 0.87303) 0.83060) 0.84035)

Risa  (396.0, (396.0, 42.0 (11096.0, (5694.0, -56.9 (1679.0, (1538.0, -5.95
0.69599) 0.69907) 0.81895) 0.81015) 0.73349) 0.75338)

Ross  (528.01, (528.00, 38.2 (18688.0, (10512.0, -60.0 (1606.01, (1314.0, 12.8
0.54215) 0.54215) 0.71434) 0.70276) 0.56659) 0.58304)

Rsgs  (759.0, (759.0, 49.2 (26572.0, (13505.0, -54.5 (2993.0, (1825.0, 15.3
0.41596) 0.41804) 0.61983) 0.60385) 0.45685) 0.46744)

Dis;  (580.9, (580.9, 43.6 (5913.0, (3066.0, -59.7 (3285.0, (3066.0, -59.7
0.83000) 0.83218) 0.89903) 0.89393) 0.89249) 0.89393)
Dijgo  (660.0, (660.0, 43.9 (7300.0, (3723.0, -60.5 (4599.0, (3723.0, -60.5
0.79495) 0.79665) 0.87686) 0.87061) 0.87214) 0.87061)
Diygq  (825.0, (825.0, 44.7 (10512.0, (5329.0, -61.0 (6935.0, (5329.0 -61.0
0.71535) 0.71903) 0.82760) 0.81907) 0.82170)  0.81907)
Dissg  (1155.0, (1155.0, 46.6 (18688.0, (9417.0, -62.5 (12994.0, (9417.0, -62.5
0.54076) 0.54940) 0.71434) 0.70122) 0.70626) 0.70122)
Dige1  (1452.0, (1452.0, 49.5 (26353.0, (13286.0, -62.7 (19126.0, (13286.0, -62.7
0.41585) 0.42095) 0.62228) 0.60623) 0.61335)  0.60623)

a cost function that also integrates both objectives but in a distinct manner than
from MRCD. In C3, MRCD presented makespans which are almost half of those
produced by RHEFT, while the reliabilities were very close.

The second set of experiments was performed with a varying number of proces-
sors, on the DAGs: G1934, Rs46 and Disag, as seen in Table[Bl With an increasing
number of processors, the makespan diminishes while reliability increases, since
the scheduling strategies can allocate tasks on more appropriate processors con-
cerning failure rates and computational slowdown indexes. In relation with the
comparisons Cl, C2 and C3, the same behaviour previously described is also
detected.

9 The next sets of experiments were performed considering BSAMod of Class
2. The set S was generated by executing both MRCD and BSAMod with W =
{0,0.1,0.2, 0.3,0.4,0.5,0.6,0.7,0.8,0.9, 1} for 24 processors, initially. A varying
number of tasks and processors were also considered in these experiments. Ta-
ble [ shows the percentage difference of both makespan and reliability for each
w value. The line M presents the percentage improvement on the makespan pro-
duced by MRCD over BSAMod and in line Ry, the percentage improvements on
the reliability of BSAMod over MRCD. Note that an outstanding improvement
on the makespan is produced by MRCD while the reliability remains almost the
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c1 2 c3
DAGy m HEFT MRCD D RCDMod MRCD D RHEFT MRCD D
Giosa 24 (1504.1, (1499.8, 41.3 (44389.8, (22758.4, -55.8 (8743.9, (5309.0, 2.1
0.86253) 0.86628) 0.92320 0.91922) 0.88970) 0.89017)
45 (1335.8, (1335.8, 35.2 (44389.8, (23805.3, -51.5 (9291.4, (4623.8, -11.0
0.84661) 0.88030) 0.93558) 0.92982) 0.91737) 0.91816)
66 (1335.8, (1335.8, 31.5 (22229.9, (9640.3, -49.8 (5673.5, (4940.6, -29.3
0.85161) 0.89391) 0.95234) 0.94698) 0.93053) 0.93929)
87 (1335.8, (1335.8, 28.4 (22229.9, (7797.8, -54.9 (4885.1, (4137.6, -25.5
0.84610) 0.90048) 0.95234) 0.94846) 0.93406) 0.93877)
108 (1335.8, (1335.8, 28.4 (44389.8, (11617.2, -54.4 (6556.8, (4108.4, -15.6
0.84508) 0.90251) 0.95234) 0.94738) 0.93440) 0.93349)
Rsis 24 (1122.0, (1122.0, 36.4 (39858.0, (20513.0, 54.8 (4453.0, (2628.0, 16.5
0.87705) 0.87737) 0.93076) 0.92717) 0.88868) 0.89193)
45 (629.0, (627.0, 57.7 (39858.0, (20805.0, -49.8 (2920.0, (2263.0, 1.44
0.87248) 0.87358) 0.94196) 0.93659) 0.89700) 0.90978)
66 (627.0, (627.0, 46.5 (19929.0, (8541.0, -51.3 (2847.0, (1533.0, 5.8
0.87567) 0.88199) 0.95710) 0.95214) 0.90954) 0.91425)
87 (627.0, (627.0, 49.3 (19929.0, (6935.0, -56.0 (2409.0, (1347.0, 2.91
0.87032) 0.88323) 0.95710) 0.95350) 0.91396) 0.91838)
108 (627.0, (627.0, 39.7 (39858.0, (10804.0, -47.2 (2628.0, (1274.0, 7.3
0.86827) 0.89088) 0.95710) 0.95271) 0.91306) 0.91814)
Disae 24 (1881.0, (1881.0, 51.2 (38617.0, (19418.0, -63.2 (29492.0, (19418.0, -63.2
0.87795) 0.87919) 0.93284) 0.92927) 0.93114) 0.92927)
45 (1571.1, (1571.1, 66.7 (38617.0, (20367.0, -52.1 (31828.0, (20367.0, -52.1
0.86558) 0.87024) 0.94371) 0.93856) 0.94131) 0.93856)
66 (1505.1, (1505.2, 65.3 (19418.0, (8833.0, -54.6 (16133.0, (8833.0, -54.6
0.86760) 0.87470) 0.95841) 0.95399) 0.95778) 0.95399)
87 (1485.1, (1485.2, 69.7 (19418.0, (7081.0, -59.6 (13067.0, 7081.0, -59.6
0.86033) 0.87114) 0.95841) 0.95513) 0.95719) 0.95513)
108 (1485.1, (1485.2, 66.1 (38617.0, (10293.0, -57.8 (22630.0, (10293.0, -57.8
0.86340) 0.87542) 0.95841) 0.95412) 0.95688) 0.95412)

same as BSAMod. A set of similar experiments was carried out considering a
varying number of processors, for the DAGs G134, Rs46 and Dizog. The main
conclusion is that the improvements on the makespan provided by MRCD were
significant at a cost of a small deterioration of the reliability for any number of
processors, as can be seen in Table Bl

Table 4. Comparison between BSAMod and MRCD for G7o2

DAG 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 Average
M(%) 0.00 18.50 49.00 75.00 106.00 142.00 113.00 10.00 17.00 13.00 0.00  49.4
Rt (%) 0.00 2.80 3.90 5.60 7.80 8.20 5.20 -0.80 0.30 0.20 0.00 3.01

Finally, comparing all the solutions generated by MRCD with BSAMod for
the values in W for G152, G792, Dig1, Dizg1 on 24 processors, it could be observed
that all MRCD solutions were dominant or incomparable. In the case of Rgg and
R3g4, in only one case MRCD was dominated by BSAMod. In summary, one
can conclude the benefits of applying the implemented list scheduling algorithm
together with the cost function f (v, p,) in MRCD. Actually, it was observed that,
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Table 5. Comparison between BSAMod and MRCD for a varying number of processors

G1034 Rsa46 Disag
m 24 87 213 24 87 213 24 87 213
Avg. M(%) 47.2 41.1 41.1 -3.34 5.55 8.25 105 71.5 68.3
Avg. Rt (%) 0.61 1.41 1.28 -0.13 2.04 0.52 1.23 3.08 2.79

since the normalization procedure of BSAmod only divides by the maximum
value of the given objective, it leaded to poor choices.

5 Concluding Remarks

This work proposes a weighted cost function and a classification of the solutions
provided by MRCD. An experimental analysis shows that MRCD can find effi-
cient solutions when compared with the other heuristics under evaluation. The
comparison with HEFT shows the importance of using a bi-objective function
that considers both minimization of the makespan and maximization of the re-
liability. From the evaluation of RCDMod and MRCD, one can conclude the
importance of using an integrated bi-objective function, while the importance
of the weights and the cost function provided by MRCD are shown when com-
paring with RHEFT. Finally, when considering BSA, which is also a weighted
bi-objective scheduling heuristics, MRCD provides outstanding improvements on
the makespan while keeping similar reliability results. As future work, MRCD
will be used in conjunction with a fault tolerance approach that is primary-
backup based, with the objective to recover real MPI applications from faults
and execute them efficiently on distributed heterogeneous systems.
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