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Unpredictable fluctuations in resource availability often lead to rescheduling decisions that
sacrifice a success rate of job completion in batch job scheduling. To overcome this
limitation, we consider the problem of assigning a set of sequential batch jobs with
demands to a set of resources with constraints such as heterogeneous rescheduling policies
and capabilities. The ultimate goal is to find an optimal allocation such that performance
benefits in terms of makespan and utilization are maximized according to the principle
of Pareto optimality, while maintaining the job failure rate close to an acceptably low
bound. To this end, we formulate a multihybrid policy decision problem (MPDP) on the
primary-backup fault tolerance model and theoretically show its NP-completeness.
The main contribution is to prove that our multihybrid job scheduling (M]S) scheme
confidently guarantees the fault-tolerant performance by adaptively combining jobs and
resources with different rescheduling policies in MPDP. Furthermore, we demonstrate that
the proposed MJS scheme outperforms the five rescheduling heuristics in solution quality,
searching adaptability and time efficiency by conducting a set of extensive simulations
under various scheduling conditions.
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1. Introduction these application-level traces, we found that most

resources have relatively high failure probabilities. It is

One of the most challenging requirements of job
scheduling systems currently being developed is ensuring
that they elastically allocate computing resources to jobs
despite the unpredictable occurrence of resource failures.
With increased complexity, dynamic features, and various
uncertainties, resource failure [1-3] is the rule rather than
the exception in distributed computing systems (DCS) such
as grid, peer-to-peer, and cloud computing. It has been
reported that over 75% and 70% of the resources have
failure rates of about 20% and 40% in workload archives
such as DEUG, and UCB and SDSC [3], respectively. From
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also recognized that failures can significantly affect
scheduling performance and that the large number of job
failures is still caused by resource fluctuations and unavail-
ability, as discussed in [2]. Specifically, Ref. [4] has exhib-
ited the statistical overviews on job execution in ten
different DCS in which the proportion of failed jobs varied
from 1.23% to 83.94% and failed jobs consume lots of
computational power of resources, ranging from 0.41% to
73.88%. Although most resources are managed by autono-
mous domains (ADs), each AD tends to employ proprietary
administrative rules (i.e., rescheduling policies) for job
recovery. This fact further complicates the large scale
resource pooling for reliable job execution in a cooperative
manner. As a result, in addition to extending known
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rescheduling policies, it requires a new scheduling algo-
rithm that can efficiently guarantee fault tolerance.

There are some scheduling approaches recently studied
in order to alleviate the undesirable effects of resource
failures with different policies. In [5], a task re-execution
policy employed in Hadoop has been currently studied in
order to analyze its impact on job completion reliability
and time from a theoretical viewpoint. However, it is not
clear which configuration of this policy is sufficient to
prevent a running job from being interrupted by resource
failures. To overcome this limitation, Zhang et al. [6] have
integrated backfilling and migration with well-established
gang scheduling strategy. The fully integrated allocation
method consistently outperforms the others. Neverthe-
less, the authors have not explicitly addressed what speci-
fic conditions can decide the most suitable combination of
different strategies. For similar reason, a prior study [7]
proposes a concept of dynamic policy switching at run
time for interactive jobs, which require immediate execu-
tion. Its weakness is that the proposed scheme is irrelevant
for batch jobs that are submitted to a job-ready queue and
await their turn to run. On the contrary to that work, in 8]
the authors propose how to decide a near-optimal size of
hybrid cluster in clouds for accelerating batch analytics.
From this study, we have found that it is possible to toler-
ate a high degree of instability in clouds if system-level
metrics are only given; however, the degree of perfor-
mance gain is not strongly correlated with the resource
usage cost. To tackle this problem, Farahabady el al. [9]
proposes a new scheduling algorithm which generates
solutions with the Pareto optimality between cost and
performance. The key question of how to dynamically
cope with performance variability of underlying resources
due to failures remains unanswered. Furthermore, the
performance impacts of different combinations of job
selection policies and job dispatching mechanisms have
been presented for the Bag-of-Tasks (BoT) allocation [10].
Although this study has shown monotonic improvement
in some cases, they have only emphasized the static
combinations of different job allocation strategies and
have paid less attention to the fact that resources are
controlled by heterogeneous rules. In [11], the authors
have analyzed the correlation between job sizes and
scheduling algorithms. However, they have not consid-
ered the potential gains of using different scheduling
approaches simultaneously. Besides, the failure condition
has not been considered a major issue.

To the best of our knowledge, there have not been direct
contributions to tackle the policy heterogeneity problem in
the context of job scheduling. Thus, a new policy-
integrated scheduling scheme needs to answer the follow-
ing research questions, which have remained unsolved:
(1) How much performance improvement is expected, as
compared to static rescheduling policies? (2) How much
fault tolerance can it provide without sacrificing the main
objectives considering a large fraction of resources in
availability? (3) Assuming that different policies are
supported in various ADs, how can it adapt to this situation
regarding scheduling quality and complexity? In this
paper, we propose a multihybrid job scheduling (M]S)
scheme in order to deliver robust resource allocation for

computational batch jobs under heterogeneous policies.
The proposed M]JS scheme adopts a messy genetic algo-
rithm (mGA) [12], which has been applied to solve combi-
natorial optimization problems. The main contributions of
this study are as follows:

e We formulate the aforementioned problem as a
multihybrid policy decision problem (MPDP) on the
primary-backup fault tolerance model and discuss
how an optimal solution can be quantified in terms of
scheduling quality.

To solve MPDP effectively, we propose a new M]S
scheme that finds an optimal schedule even in a
large search space by using stochastic search opera-
tions of mGA within relatively low and acceptable
complexity.

The mGA-based MJS scheme demonstrates high fault
tolerance without sacrificing the other objectives, such
as makespan and load balance, unlike the static
approaches and deterministic algorithms (e.g., minmin
[13]), even in the policy-constrained DCS.

The remainder of this paper is organized as follows.
Section 2 presents a fault-tolerant job scheduling model
with the four rescheduling policies. We formulate MPDP
in Section 3 and then propose an mGA-based M]JS scheme,
focusing on solution representation and realization in
Section 4. Section 5 provides analytical views on the terms
of approximation of computational complexity and
possibility of convergence of the proposed scheme.
Simulation results and discussions are in Section 6.
Finally, we conclude the paper in Section 7.

2. Fault-tolerant job scheduling model

A job scheduling system in DCS consists of three tiers:
users submitting batch jobs 7 = {jili=1,2,3,...c,N}, a
job scheduler, and computing resources R = {ry|x = 1,2,
3,...,M}. Each resource x, 1, has its relative computational
speed ¢, which is assumed to be an arbitrary and non-
decreasing (i.e.,, concave) function over time. A job
scheduler distributes stochastic workloads v(At) arriving
in a given period of time, At across allocated resources.
An arriving j; can be distinguished by its arrival time a;,

job length I, and deadline a,-. a; should be bounded to
[0,At] and [; indicates the time spent by r, with ¢, =1
(i.e., reference computing element) to execute j;.
Therefore, the effective length of j; can be calculated as

lix = li/cy, if there is no failure. We suppose that at time
zero, all resources are operable and jobs can be allocated
to them. Resources can execute, at most, a single job at a
time and can also fail at any random time. Table 1
summarizes a number of commonly used symbols and
we will discuss some of them further after that.

2.1. Application workload

Realistic workloads comprise mostly single-process
jobs, and 85-95% of them are batch jobs as measured in
the several grid workloads [14]. Likewise, we adopt the
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