
Parallel I/O Scheduling in Multiprogrammed
Cluster Computing Systems

J.H. Abawajy

School of Computer Science,
Carleton University, Ottawa, Canada.

abawjem@scs.carleton.ca

Abstract. In this paper, we address the problem of effective manage-
ment of parallel I/O in multiprogrammed cluster computing systems by
using appropriate I/O scheduling strategies. The performance of I/O de-
vices lags behind the performance of processors and network systems,
resulting in I/O becoming the bottleneck in current systems. This gap
is expected to increase in the future since I/O performance is limited
by physical motion. Therefore, it is imperative that novel techniques for
improving I/O performance be developed. Parallel I/O is a promising
approach to alleviating this bottleneck. However, very little work exists
with respect to scheduling parallel I/O operations explicitly. We propose
new I/O scheduling algorithms and evaluate the relative performance of
the proposed policies against the most commonly used approaches. Our
preliminary results show that the proposed policies outperform current
methods and can substantially enhance the performance of real-world
scientific applications.

1 Introduction

In this paper, we focus on I/O-intensive large scale parallel applications. In
addition to multiple processors, the parallelization of I/O operations and the
use of multiple disk drives are required for achieving high system performance
for the workloads of interest. The aggregate processing power and the storage
capacity provided by cluster computing systems have lead to the widespread
adoption of such systems as high performance computing platforms for various
types of large-scal applications including I/O-bound applications such as digital
libraries and image repositories.

Although processor and network technologies have seen impressive advances
in performance, the lack of commensurate improvements in I/O devices has
resulted in I/O becoming a major bottleneck in these systems. Due to physical
limitations of I/O devices, significant improvements in access latency relative to
processor and network speeds are unlikely. It is, therefore, imperative to find
techniques that can improve the access performance of storage devices despite
their high latency.

Recently, the I/O bottleneck in cluster computing systems has begun receiv-
ing increasing interest. In particular, parallel I/O has drawn increasing attention
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in the last few years as a promising approach to alleviating I/O bottleneck in
cluster computing systems. Parallel I/O combines a set of storage devices and
provides interfaces to utilize them in concert. However, it has been shown that
peak performance is rarely attained from these coordinated storage devices [1].
As a result, a number of approaches for more efficiently utilizing these resources
have been continuously researched and developed [3,5,10,11].

Widely applicable solutions, however, will require an integrated approach
which addresses the problem at multiple system levels, including applications,
systems software, and architecture [14]. We propose that within the context of
such an integrated approach, scheduling parallel I/O operations will become
increasingly attractive and can potentially provide substantial performance ben-
efits. Parallel I/O scheduling is concerned with scheduling of parallel I/O oper-
ations with the goal of minimizing the overall I/O response times.

As noted in [2], comparatively a lesser amount of work exists on parallel
I/O scheduling. To this end, we present a set of I/O scheduling algorithms for
multiprogrammed cluster computing environments running parallel I/O work-
loads. We present simulation results indicating that the proposed algorithms can
produce a substantial improvement over previous algorithms.

The rest of the paper is organized as follows. Section 2 discusses previous
work related to scheduling of parallel I/O operations. Section 3 presents the
system and workload models used in this paper. Section 4 describe the system
environment used in this study along a set of I/O scheduling algorithms we have
implemented. Section 5 describe the testing environment along the system and
workload parameters. The results of the experiments are also discussed. The
conclusions and future directions are given in Section 6.

2 Related Work

By combining large numbers of storage devices and providing the system software
to utilize them in concert, parallel I/O has extended the range of problems
that may be solved on high performance computing platforms. However, the
conglomeration of storage systems and providing convenient access alone is not
enough to achieve maximum possible performance. In [8], for instance, it was
found that when two processes concurrently read or write, the throughput per
process drops to far less than half of the throughput obtained when only one
process is making I/O requests. Thus, blindly allowing multiple processors to
access files on the same disk partition simultaneously can be detrimental to
performance.

In the last few years, several techniques to improve parallel I/O performance
have been proposed in the literature. These techniques span from tuning the
parallel applications [13] to scheduling the I/Os. One dimension that has been
pursued in attacking the I/O bottleneck problem is the development of parallel
and distributed file systems (e.g., Parallel Virtual File System (PVFS) [5]) and
I/O runtime libraries (e.g., [6,10]) that distribute the datasets over several nodes
and providing low-level data access mechanisms. Also a number of strategies
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such as prefetchin and caching as well as fairly low-level techniques such as disk
striping and interleaving have been proposed in the literature.

Another class of research is those that are focusing on the data access strate-
gies such as collective I/O [3]. Although these data access strategies perform
well for applications with specific I/O characteristics, they perform poorly for
applications that do not confirm with the underlying assumption on which these
strategies were built on.

Although the development of parallel/distributed file systems and access
strategies have helped to ease the performance gap, but I/O still remains an
area requiring significant performance improvement [1]. Also, currently many
of the parallel filesystems and I/O runtime libraries address maximizing the
performance of individual parallel applications having intense I/O requirements
[14].

In multiprogrammed environments, where a number of applications are com-
peting for resources, an important dimension and the focus of this paper is
the effective management of parallel I/O by using appropriate I/O scheduling
strategies. Research in I/O scheduling strategies for parallel workload by far is
the least studied area [2]. In [14], scheduling a batch of I/O operations in paral-
lel computer systems is discussed. An approach for scheduling parallel I/O that
focus on uniprogrammed systems that run a single job at a time in isolation is
discussed in [2]. In some cases, these techniques have also been extended to mul-
tiprogrammed environments that execute multiple parallel jobs simultaneously
under the assumption that information such as the application execution time
is known a priori [9,2]. Unfortunately, it is very difficult if not impossible to
know the pending I/O service demands of a job rendering the policies proposed
in [9,2] of theoretical importance than practical one. Also, most studies have not
investigated the potential performance problems of handling large outstanding
I/O requests in a multi-workload environments.

3 System Model

The cluster computing of interest has P workstations of similar architecture,
connected by a fast interconnection network. As in [5], the P workstations are
divided into a set of compute node and a set of I/O servers. Data is declustered
among the I/O nodes to allow parallel access to different files and parallel access
to the same file. This approach increases the performance and scalability of the
system. An alternative approach is instead of dedicating extra processors for
I/O, some compute processors can be part-time I/O servers as suggested in [7].
However, this strategy requires solving a number of difficult problems such as
selection and placement of I/O servers [7] and its merit will be considered in the
future.

We assume that parallel jobs arrive to the system in a stochastic manner with
requirement for both compute and I/O resources. Each parallel job is composed
of several tasks that can be scheduled to executed on a single workstation. In this
paper, we focus on parallel I/O scheduling and we do not address the problem of
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parallel job scheduling as this problem has been addressed in [15]. Data required
to run a task is fetched before the task is run if it is not already present in the
workstation on which the task is assigned to run.

All I/O requests from a job is sent to the data scheduler in the I/O subsystem,
which coordinates the I/O request on multiple I/O nodes for greater efficiency.
Typically each tasks in a parallel application will send a request to each I/O
server when performing an I/O operation. It is easy to imagine that for a large
parallel application a large number of I/O requests might be in service on an
I/O Scheduler at one time. This large number of I/O requests provide us with
an opportunity to optimize by selecting the order in which tasks will be serviced.
Therefore, the order with which the I/O device services the I/O requests can
affect the overall performance of the system. Upon arrival, if an I/O request
cannot be serviced immediately, it is placed into an I/O wait queue and scheduled
using I/O scheduling approaches discussed next.

4 Parallel I/O Scheduling Approaches

In a multiprogrammed environments, performance can be drastically reduced
when multiple processors make requests concurrently due to contention for
shared resources. Concurrent access to shared resources like disks or network
interface causes significant overhead and can slow down applications. That also
induces a significant performance gap in both I/O and communication, depend-
ing on the number of processors concurrently accessing the resources. In this
section, we discuss briefly the classical I/O scheduling policy and propose two
new policies.
First come First Served (FCFS) Policy: The FCFS I/O scheduling strategy
is the most commonly used approach. In FCFS scheme, the scheduler maintains
a single I/O wait queue, where all pending I/O requests are kept until they
are serviced. When an I/O server becomes available, the scheduler schedules a
pending request from the wait queue using the FCFS policy.

I/O Bunch Policy: This is a two-level scheduling policy where at the top level
the scheduler creates a set of I/O Bunches from the I/O requests arriving to
the data scheduler while the bottom layer maps each I/O Bunch onto the data
servers. The scheduler creates n I/O Bunches, B1, ..., Bn, each Bi is characterized
as follows:

1. composed of I/O requests for a given file;
2. Inherits the arrival time of the oldest I/O request in the bunch; and
3. At most there are f I/O requests in the bunch, where f is a tunable parameter

that can be controlled either at compile-time or dynamically at run-time.

At each scheduling round, the scheduler assigns a Bi to the I/O servers
based on the order of Bi arrival time.
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Job-based Policy: This policy is also a two-level scheduling policy and uses
the concept bunching. However, the policy harnesses knowledge of I/O charac-
teristics of the jobs in scheduling I/O requests, which include the number of
CPU-I/O phases, the type and size of the requests. Note that unlike the policy
proposed in [9], we explore information that can be easily extracted from the
job either at the time of submission or at the compile-time. A simplified policy
job-based policy we studied considers the size of the I/O requests. Each bunch,
Bi, has a set of I/O requests of size less than or equal to S. Each bunch is then
assigned to the I/O server where the request are served.

5 Performance Analysis

We compared the performance of the three I/O scheduling policies discussed in
the previous section using I/O completion times as a performance metric. The
system is composed of 14 workstations where two of them are used as an I/O
servers. The file sizes range from 1 MB to 16 MB. Files were written and read by
making from 1 to 128 request per file. A delay was placed between each request
ranging from zero to one second. This delay represents the time for which a real
application would perform computation or wait for some reason other than I/O.
Table 1 summarizes the default parameters and values used in the experiments.

Table 1. Default Parameters and values.

Parameters Values
Number of CPUS 14

I/O Types CW, W, R
File sizes 1MB to 16MB

Requests/file 1 to 128
Requests size 1 to 128

Delays 0ms, 100ms, 500ms, 1000ms

The preliminary results of the experiments show that the proposed policies
perform between 13% to 22% better than the FCFS policy under all system and
workload parameters we tested. The job-based policy outperforms the other two
policies.

This can be explained by the fact that FCFS does not consider disk access
order at all, and may result in significant disk head movement when servicing
multiple requests.

Our results suggests that the naive approach to scheduling I/O results in a
large number of I/O operations, each of which is often for a very small amount
of data. The added network cost of performing an I/O operation across the
network is often high due to latency. We also observed that on single disk I/O
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servers, as I/O queues are filled with large requests spanning many files, there is
the potential for high seek penalties that can lead to variability in request time,
lower I/O performance and throughput. Our results also suggests that using
knowledge of the application I/O patterns, it is possible to achieve much more
efficient I/O than more general solution.

These results are based on limited performance analysis and should be consid-
ered as a preliminary. We are undertaking rigorous testing to verify the results.

6 Conclusions and Future Directions

Parallel I/O is a promising approach to alleviating the problem of I/O bot-
tleneck in cluster computing systems. We have been investigating an effective
management of parallel I/O by using appropriate I/O scheduling strategies. Al-
though parallel I/O scheduling can improve the performance, very little work
exist on scheduling parallel I/O operations explicitly. We proposed new efficient
I/O scheduling algorithms and evaluated the relative performance of the poli-
cies against the most commonly used I/O scheduling approach. These new I/O
scheduling approaches have been shown, through simulation, to have superior
performance to existing schemes and can substantially enhance the performance
of real-world scientific applications. We are currently investigating their perfor-
mance through experimentation with I/O traces taken from the scientific and
non-scientific application domains, including web-servers and interactive applica-
tions. We are also looking at implementing and testing the proposed scheduling
policies on .
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