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Abstract

The growing demand for more computational
power to solve complex scientific problems is
driving the physical scale of the system to
hundreds and thousands of nodes. Ideally,
scaling up the number of nodes should minimize
the completion time, but algorithmic and system
environment factors limit the scalability of
parallel applications. Reliability is one of the
major factors that limit performance, especially
when applications are scaled to thousands of
nodes. In this paper, we propose a reliability-
aware optimal k-node allocation algorithm and
compare it with Round Robin and reliability-
aware resource allocation algorithms. Our
simulation results indicate that giving flexibility
to the resource manager in choosing the optimal
number of nodes for large scale parallel
applications based on the reliability of compute
nodes minimizes the overall completion time and
waste time

1. Introduction

There are several factors based on the application
scalability, and system environment that limit the
performance of parallel applications. First, there
are the algorithmic limitations such as the
sequential fraction of code that cannot be
parallelized, the overhead of synchronized
computation from multiple processors, and the
overhead of communication delay. Second, there
are the system environment factors such as the
processing speed, communication bandwidth,
scheduling techniques, and software. Failures
and downtimes become major performance
hindrance factors for large scale parallel
applications that span thousands and hundreds of
thousands of nodes.

Minimizing the performance loss in the presence
of failures is one of the major challenges of large
scale HPC systems. Checkpointing and
reliability-aware scheduling are well known
approaches for minimizing the impact of failures.

With checkpointing, the application state is
saved at regular intervals to avoid restarting the
application in the event of a failure. Reliability-
aware resource allocation aims to allocate
parallel applications to the most reliable nodes in
order to minimize the impact of failures. The
performance considerations of a parallel
application include scalability, efficiency or job
completion time. In this paper, we concentrate on
the performance aspect relevant to job run-
length. Job run-length is the most important
performance metric for either scalability,
efficiency or performance [15]. Reliability is an
important  challenge  for  large  scale
computational applications. Also, failures and
reliability are important resource allocation
attributes  [9]. However, reliability-aware
resource allocation in the context of scalability
has not been given much attention. Considering
reliability as an important performance metric
for resource managers in selecting the number of
nodes implies that one could minimize waste
time and overall completion times. In this paper,
we study how reliability affects job completion
time with the increase in number of nodes and
propose a reliability-aware k node allocation
algorithm based on the expected completion time
of a parallel program.

The rest of the paper is organized as follows.
Section 2 discusses related work, Section 3
discusses the expected completion time of a
parallel application, the reliability-aware optimal
k node selection algorithm and the comparison
results with various other resource allocation
algorithms for various types of jobs. Section 4
discusses the conclusions and future work.

2. Related Work

For a given parallel architecture and problem
size, the application speedup cannot continue to
increase with the increase in the number of
processors and saturates after a certain limit.
Various aspects of scalability have been studied



in [2][3][4][14]. Amdahl’s law [2] suggests that
there is a serial part of the program that limits
scalability. But according to Gustafson [17] there
are other parameters in computation that can be
overlapped while executing the serial portion. A
survey of scalability models for parallel
architectures and algorithms for a given parallel
architecture and problem size is given by Kumar
et al.[14]. The optimal selection of the number of
processors for a numerical approximation
problem and architecture has been discussed in
[15]. The effect of reliability for large scale
parallel applications is not new and has also been
addressed recently [18][19]. The effect of
reliability on the completion time of parallel
programs is discussed in [10], and the effect of
coordinated checkpointing on large scale parallel
applications due to failures is discussed in
[6][19]. Reliability-aware resource allocation of
parallel applications using the reliability of nodes
and workload properties is observed to minimize
the waste time due to failures. Plank [1]
discusses the importance of considering the
number of processors as an important
performance attribute for checkpointing. In this
paper, we propose a reliability-aware optimal k
node selection algorithm to minimize the
completion time and waste time.

3. Reliability-aware Resource Allocation
In order to study the effect of reliability in
selecting the optimal number of k nodes, we
consider reliability and job completion time as
an important metrics for space sharing jobs. In
this section, we discuss existing resource
allocation algorithms, and propose an optimal k
node allocation algorithm based on the expected
completion time of a parallel application. We
compare the proposed optimal k node allocation
algorithm with other resource allocation
algorithms by simulating the resource allocation
of parallel jobs on the failure data generated
based on the failure properties of individual
nodes from the ASCI White system.

3.1 Expected Completion time of a Parallel
Program

The Expected Completion time of a parallel

program running on k nodes is given by [24]

F
E(Tc(k))zTu(k) +(W +R) L (1)
1-F,
Where, Ty is the estimated time of parallel
application on k nodes. It is hard to analytically
estimate the running time on k nodes. Therefore,

we may use the scalability models namely
Amdahl’s law and Gustafson’s law for our study.
W is the waste time due to failures, R the repair
time and Fy the system failure probability, where

k
Fy=1-R,,whereg —TTR (1, +x[7) @
i=1
Here, in Equation (2), Ry is the system reliability,
R; is the reliability of node i, ti is the failure free
running time of node i, and x is the estimated job
running time on k nodes.

3.2 Resource Allocation algorithms

The main objective of the resource allocation
algorithm in the presence of failures is to select k
nodes that minimize the waste time due to
failures, and overall completion time of a parallel
application. We consider the following resource
allocation algorithms

1. All Nodes (ALL)

This technique selects all the available nodes in
the system. In the absence of failures, selecting
all the nodes should give the minimum
completion time as this technique utilizes all the
nodes. If any node fails before the job is
completed, it has to be resubmitted (i.e job is
restarted from the beginning) once the node is up
again.

2. Round Robin Allocation (RR)

The Round Robin allocation technique allocates
the job to k adjacent nodes based on the rotation
policy of node ID’s starting from the first node
ID. When the last node number is reached,
nodes are allocated beginning from the first node
ID. In this technique, the k number of nodes
required for the parallel application is fixed and
given by the user. The RR policy does not take
into account the node reliabilities or job run-
length before allocating the job.

3. Reliability-Aware Allocation (RA)

Here, the k number of nodes for a job is given by
the user, and the k value is fixed. The algorithm
selects the k most reliable nodes available for
every job. Reliability-aware resource allocation
has been proposed in [9] and found to reduce the
overall waste time. This policy considers the
individual node reliabilities, and the k number of
nodes required for the job is fixed by the user.
The reliabilities are calculated using a Weibull
distribution and the system reliability for k nodes
is given in Equation (2).

For simulation purposes, we randomly generate
the workloads with the number of nodes required
by the user’s applications. Further discussion on
workload and failure data is provided in Section
3.4.
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Figure 1. Optimal k node selection. Figure 1(a) shows the optimal k nodes at the point where the
expected completion time is minimal. Figure 1(b) shows the comparison of optimal k node selection

with k selected randomly

3.3 Optimal K Node allocation

In an HPC system, the reliability of each
individual node is calculated based on the failure
parameters obtained from the failure history of
the nodes. Each node may have different
reliabilities and an optimal k node allocation
algorithm considers the following three key
factors

(1) Number of Processors: Increasing the
number of processors reduces the overall
completion time. On the other hand, increasing
the number of nodes increases failure probability
requiring resubmission of jobs (i.e. job is
restarted from the beginning) which increases
completion times and waste times.

(2) Job Run-length: A longer job has a higher
chance of encountering failures as compared to a
shorter job. Therefore, for a given set of nodes a
longer job may have more waste time as
compared to a shorter job.

(3) Reliability of k node: The reliability of a
selected node affects the chances that the node
will fail in the future. Also, failures increase the
waste time and completion time of a job.

The scheduling problem may be defined as
follows:

“Given a parallel application, and an HPC
system that contains m nodes n;, ny nz . . .n,
with reliabilities R;,R,R;...R,, find k out of m
nodes such that the overall completion time is
minimized”

The RA-Optimal algorithm selects k nodes out
of m nodes such that the expected completion
time is minimal.

Algorithm: Optimal K-Node allocation
1. k=0 The number of nodes selected
M ifcontaing allthe node id's
Jficantains the job runlength
for BE1.max{sizet)) nodes
calculate R{) NEquation {23

end
h[ = sortdescit, R) ffeort the nodes based on descending order
Hof reliabilities

o 03 ko

6. KMList. add({d (13); add the node with highest reliability
7. while E{Tegu g == E(Tegp) /Equation (1)
g

. k=k+1
= KMList. add(M (k+ 170
10. end while
11. opt_k=k

12. allocate application to KhList.nodes
allocate {K) Modes to the Application

Figure 1(a) shows an example case, where the
number of k nodes is selected based on the
minimum expected completion time. The
expected completion time (X-axis) versus the
number of nodes (Y-axis) is plotted and the
minimum expected completion time and the
corresponding k nodes (K=62) are shown in
Figure 1(a). Also, in Figure 1(b) we show the
selection of the number of nodes (Y-axis) based
on job run lengths (X-axis) when the number of
nodes are chosen randomly and with the RA-
Optimal algorithm. We observe in Figure 1(b)
that the k node selection increases with the
increase in the job run lengths. The effectiveness
of various resource allocation techniques can be
justified only when compared with completion
times and waste times. The simulation results for
various resource allocation techniques are
discussed in Section 3.5.

3.4 Simulation Framework

The system failure logs and parallel job
workloads are inputs to the simulator. Each job
has a job id, job run-length, and the number of



nodes required for the job. The failure logs have
node ids, failure times, down times, and
reliability of the nodes. We simulate a 10,000
node system using the failure properties of
compute nodes obtained from ASCI White
system logs. The failure data and time to failure
distributions of White are discussed in further
detail in [9]. The failure data has the failure
(Wall clock times when the nodes have failed),
and the down time (time needed to become
operational).

The processing times of each node are identical;
however, the reliability of individual nodes may
differ. We generate the failure data for the
10,000 system by using the ASCI White failure
properties. In this study we are interested in a
large scale system. However, the parallel
workloads available at the website [21] are not
suitable for our purpose. Therefore, a synthetic
workload was generated using the distribution of
the number of processors and the job run-lengths
given in [11]. We wuse the uniform-log
distribution to generate the number of
processors, and two stage hyper exponential
distribution to generated job run-lengths
[11][22][23]. In addition to the actual workload,
we also injected some jobs with very long run-
lengths to test the effectiveness of our technique.
We consider the following performance metrics
for our study:

Mean Completion Time (MCT) is the ratio of the
total completion time to the unit job run-length
(unit job run-length =job-run-length/number of
processors).

Mean waste time (MWT) is the ratio of the total
waste time to the unit job run-length.

Relative Percentage Difference

RPD(=100 * (Tl B ]% )), where T, is the
0

performance metric for the most optimal
technique and T, is the performance metric for
one of the three compared techniques (RR, RA
or ALL). That positive value of percentage
difference gives the percentage improvement of
Ty over T, and a negative value indicates the
percentage improvement of Ty over Tj.

3.5 Experimental Results

We observe that MWT and MCT times are
affected by the number of nodes, the job run-
length and reliability of the selected k nodes. The
All-nodes technique selects all the nodes which,
in an ideal case should reduce the job completion
time but increase the system failure probability.

Since failures happen multiple times, it is seen
from Figure 2(a) that MCT is highest for the RR-
technique. Figure 2(c) shows that the MWT is
highest for the All-nodes technique. For the
ALL technique, jobs fail more often contributing
to waste time, however jobs also complete faster
because we are using all the nodes. Therefore,
we observe in Figure 2(a) that the MCT is lower
for ALL technique as compared to RR, whereas
in Figure 2(c) the MWT is higher for ALL
technique than for RR.

The RR technique allocates nodes based on
Round-Robin policy. Since the reliability of
nodes is not considered, the MCT is higher for
RR as compared to other techniques. The RA
technique allocates the most reliable nodes, but
the number of nodes is fixed by the user similar
to RR. Therefore, although the RA technique
performs better than RR and All-nodes
techniques, it does not perform as well as the
RA-Optimal technique. Figure 2(b) shows the
percent improvement of the RA-optimal
technique relative to the other techniques. We
can observe that the MCT of RA-Optimal is
84.09% better than ALL 177.04% better than RR
and 71.70% better than RA algorithms. Figure
2(d) shows the percentage difference of MWT
when RA- Optimal is compared to other
techniques. We observe that the MWT of RA-
Optimal is 306.39% better than ALL, 156.64%
better than RR, and 44.3% better than the RA
technique. It is also important to compare the
performance metrics with respect to job run-
length and understand how well the algorithm
performs with respect to job run-length.

4 Conclusions and Future Work

Increasing the number of nodes in HPC systems
for solving ultra scale computational problems
decreases reliability, presenting new challenges
in resource management. In this paper, we
propose reliability-aware optimal k node
allocation algorithm based on the expected
completion time and reliability of a system of k
nodes. Our simulation results indicate that long
jobs can especially benefit from the reliability-
aware optimal k node allocation algorithm that
steers away from failures, thereby minimizing
the completion time and waste time for jobs.

This work has several scopes for improvement.
First, the reliability-aware optimal k-node
allocation can be combined with various
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Figure 2. Comparison of MCT and MWT, Figure 2(a) shows the MCT of the three techniques and
Figure 2(b) shows the corresponding RPD. Figure 2(c) shows the MWT of each technique and
Figure 2(d) shows the corresponding improvement of RA- Optimal over other techniques.

scheduling algorithms and checkpointing for
further optimization to minimize the overall
completion times.

This work is confined to malleable jobs (i.e jobs
for which the number of nodes can be
determined dynamically by the scheduler).
However, it may not be the case for all types of
jobs because it is hard to scale each and every
application. The results would be more
convincing if the reliability-aware algorithm is
applied to an HPC system that has both the
workload and failure data.
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