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Preface

Welcome to the proceedings of the 2007 International Conference on High Per-
formance Computing and Communications (HPCC 2007), which was held in
Houston, Texas, USA, September 26-28, 2007.

There have been many exciting developments in all aspects of HPC over the
last decade and more exciting developments are on the horizon with, for exam-
ple, the petaflops performance barrier being targeted in the near future. The
rapid expansion in computing and communications technology has stimulated
the growth of powerful parallel and distributed systems with an ever increasing
demand for HPC in many disciplines. This, in turn, has increased the require-
ments for more reliable software, better algorithms, more comprehensive models
and simulations and represents a challenge to the HPC community to produce
better tools, research new areas, etc. Hence conferences, like HPCC 2007, play
an important role in enabling engineers and scientists to come together in order
to address all HPC-related challenges and to present and discuss their ideas,
research results and applications experience.

This year there were 272 paper submissions from all across the world, not only
from Europe, North America and South America but also from Asia and the Pa-
cific. All the papers were reviewed by at least three referees from the conference’s
technical program committee or their colleagues. In order to allocate as many pa-
pers as possible and keep the high quality of the conference, we finally decided to
accept 69 papers for the conference, which represented the acceptance rate of 25%.
We believe that all of these papers and topics not only provide novel ideas, new
results, work in progress and state-of-the-art techniques in this field, but will also
stimulate future research activities in the area of high performance computing and
communications.

This conference is a result of the hard work of very many people such as
the program vice chairs, the external reviewers and the program and technical
committee members. We would like to express our sincere thanks to everyone
involved. Ultimately, however, the success of the conference will be judged by how
well the delegates have participated, learnt, interacted and established contacts
with other researchers. The committees have provided the venue and created the
environment to allow these objectives to be achieved. It is now up to all of us to
ensure that the conference is an outstanding success.

We wish you a successful, stimulating and rewarding conference and look
forward to seeing you again at future HPCC conferences.

August 2007 Ronald Perrott
Barbara Chapman

Jaspal Subhlok

Rodrigo Fernandes de Mello

Laurence Tianruo Yang
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Programming Challenges for Petascale and Multicore
Parallel Systems

Vivek Sarkar

Rice University
vsarkar@cs.rice.edu

Abstract. This decade marks a resurgence for parallel computing with high-end
systems moving to petascale and mainstream systems moving to multi-core pro-
cessors. Unlike previous generations of hardware evolution, this shift will have
a major impact on existing software. For petascale, it is widely recognized by
application experts that past approaches based on domain decomposition will not
scale to exploit the parallelism available in future high-end systems. For mul-
ticore, it is acknowledged by hardware vendors that enablement of mainstream
software for execution on multiple cores is the major open problem that needs to
be solved in support of this hardware trend. These software challenges are further
compounded by an increased adoption of high performance computing in new
application domains that may not fit the patterns of parallelism that have been
studied by the community thus far. In this talk, we compare and contrast the soft-
ware stacks that are being developed for petascale and multicore parallel systems,
and the challenges that they pose to the programmer. We discuss ongoing work
on high productivity languages and tools that can help address these challenges
for petascale applications on high-end systems. We also discuss ongoing work on
concurrency in virtual machines (managed runtimes) to support lightweight con-
currency for mainstream applications on multicore systems. Examples will be
give from research projects under way in these areas including PGAS languages
(UPC, CAF), Eclipse Parallel Tools Platform, Java Concurrency Ultilities, and the
X10 language. Finally, we outline a new long-term research project being initi-
ated at Rice University that aims to unify elements of the petascale and multicore
software stacks so as to produce portable software that can run unchanged on
petascale systems as well as a range of homogeneous and heterogeneous multi-
core systems.
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Towards Enhancing OpenMP Expressiveness and
Performance

Haoqiang Jin

NASA Ames Research Center
hjin€@nas.nasa.gov

Abstract. Since its introduction in 1997, OpenMP has become the de facto stan-
dard for shared memory parallel programming. The notable advantages of the
model are its global view of memory space that simplifies programming de-
velopment and its incremental approach toward parallelization. However, it is
very challenge to scale OpenMP codes to tens or hundreds of processors. This
problem becomes even more profound with the recent introduction of multi-
core, multi-chip architectures. Several extensions have been introduced to en-
hance OpenMP expressiveness and performance, including thread subteams and
workqueuing. In this talk, we describe applications that expose the limitation of
the current OpenMP and examine the impact of these extensions on application
performance. We focus on exploiting multi-level parallelism and dealing with un-
balanced workload in applications with these extensions and compare with other
programming approaches, such as hybrid. Our experience has demonstrated the
importance of the new language features for OpenMP applications to scale well
on large shared memory parallel systems.
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Bandwidth-Aware Design of Large-Scale Clusters for
Scientific Computations

Mitsuhisa Sato

Center for Computational Sciences, University of Tsukuba
msato@cs. tsukuba.ac.jp

Abstract. The bandwidth of memory access and I/O, network is the most im-
portant issue in designing a large-scale cluster for scientific computations. We
have been developing a large scale PC cluster named PACS-CS (Parallel Array
Computer System for Computational Sciences) at Center for Computational Sci-
ences, University of Tsukuba, for wide variety of computational science appli-
cations such as computational physics, computational material science, etc. For
larger memory access bandwidth, a node is equipped with a single CPU which
is different from ordinary high-end PC clusters. The interconnection network for
parallel processing is configured as a multi-dimensional Hyper-Crossbar Network
based on trunking of GigabitEthernet to support large scale scientific computation
with physical space modeling. Based on the above concept, we are developing an
original mother board to configure a single CPU node with 8 ports of Gigabit
Ethernet, which can be implemented in the half size of 19 inch rack-mountable
1U size platform. PACS-CS started its operation on July 2006 with 2560 CPUs
and 14.3 TFops of peak performance. Recently, we have newly established an
alliance to draw up the specification of a supercomputer, called Open Supercom-
puter Specification. The alliance consists of three Japanese universities: Univer-
sity of Tsukuba, University of Tokyo, and Kyoto University (T2K alliance). The
Open Supercomputer Specification defines fundamental hardware and software
architectures on which each university will specify its own requirement to pro-
cure the next generation of their supercomputer systems in 2008. This specifica-
tion requests the node to be composed of commodity multicore processors with
high aggregated memory bandwidth, and the bandwidth of internode communi-
cation to be 5 GB/s or more in physical link level and 4 GB/s or more in MPI
level with Link aggregation technology using commodity fabric. We expect sev-
eral TFlops in each system. In order to support scalable scientific computations
in a large-scale cluster, the bandwidth-aware design will be important.
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OpenMP 3.0 — A Preview of the Upcoming Standard

Larry Meadows

Intel Corporation
lawrence. f.meadows@intel.com

Abstract. The OpenMP 3.0 standard should be released for public comment by
the time of this conference. OpenMP 3.0 is the first major upgrade of the OpenMP
standard since the merger of the C and Fortran standards in OpenMP 2.5. This talk
will give an overview of the new features in the OpenMP standard and show how
they help to extend the range of problems for which OpenMP is suitable.

Even with multi-core, the number of hardware cores in an SMP node is likely
to be relatively small for the next few years. Further, a number of users want to use
OpenMP, but need to scale to more cores than fit in a node, and do not want to mix
OpenMP and MPI. Intel supports a production quality OpenMP implementation
for clusters that provides a way out. This talk will briefly introduce Intel Cluster
OpenMP, provide an overview of the tools available for writing programs, and
show some performance data.

R. Perrott et al. (Eds.): HPCC 2007, LNCS 4782, p. 4, 2007.
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Manycores in the Future

Robert Schreiber

HP Labs
rob.schreiber@hp.com

Abstract. The change from single core to multicore processors is expected to
continue, taking us to manycore chips (64 processors) and beyond. Cores are
more numerous, but not faster. They also may be less reliable. Chip-level par-
allelism raises important questions about architecture, software, algorithms, and
applications. I’ll consider the directions in which the architecture may be headed,
and look at the impact on parallel programming and scientific computing.
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The Changing Impact of Semiconductor Technology on
Processor Architecture

Ray Simar

Texas Instruments
r-simar@ti.com

Abstract. We stand on the brink of a fundamental discontinuity in silicon process-
technology unlike anything most of us have seen. For almost two decades, a pe-
riod of time spanning the entire education and careers of many engineers, we have
been beneficiaries of a silicon process-technology which would let us build al-
most anything we could imagine. Now, all of that is about to change. For the past
five years, capacitive loading of interconnect has grown to be a significant factor
in logic speed, and has limited the scaling of integrated-circuit performance. To
compound the problem, recently interconnect resistance has also started to limit
circuit speed. These factors can render obsolete current designs and current think-
ing as interconnect-dominated designs and architectures will become increasingly
irrelevant. Given these fundamental interconnect challenges, we must turn to ar-
chitecture, logic design and programming solutions. The background on these dra-
matic changes in semiconductor technology will be discussed in the hopes that the
solutions for the future may very well come from the attendees of HPCC 2007!
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A Windows-Based Parallel File System
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Department of Electrical Engineering,
National Tsing Hua University HsinChu, 30013, Taiwan
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Abstract. Parallel file systems are widely used in clusters to provide
high performance 1/O. However, most of the existing parallel file sys-
tems are based on UNIX-like operating systems. We use the Microsoft
NET framework to implement a parallel file system for Windows. We
also implement a file system driver to support existing applications writ-
ten with Win32 APIs. In addition, a preliminary MPI-IO library is also
developed. Applications using MPI-IO could achieve the best perfor-
mance using our parallel file system, while the existing binaries could
benefit from the system driver without any modifications. In this paper,
the design and implementation of our system are described. File system
performance using our preliminary MPI-IO library and system driver is
also evaluated. The results show that the performance is scalable and
limited by the network bandwidth.

1 Introduction

As the speed of CPU becomes faster, we might expect that the performance of a
computer system should benefit from the advancement. However, the improve-
ments of other components in a computer system (i.e. memory system, data
storage system) cannot catch up with that of CPU. Although the capacity of
a disk has grown with time, its mechanical nature limits its read/write perfor-
mance. In this data-intensive world, it is significant to provide a large storage
subsystem with high performance I/O[I]. Using a single disk with a local file sys-
tem to sustain this requirement is impossible nowadays. Disks combined either
tightly or loosely to form a parallel system provide a possible solution to this
problem. The success of a parallel file system comes from the fact that accessing
files through network can have higher throughput than fetching files through lo-
cal disks. This could be attributed to the emergence of high-speed networks such
as Myrinet [2], InfiniBand [3], Gigabit Ethernet, and more recently 10 Gigabit
Ethernet.

A parallel file system can not only provide a large storage space by combining
several storage resources on different nodes but also increase the performance.
It could provide high-speed data access by using several disks at the same time.
With suitable striping size, the workload in the system can be distributed among
these disks instead of being centralized in a single disk. For example, whenever
a write happens, a parallel file system would split these data into a lot of small

R. Perrott et al. (Eds.): HPCC 2007, LNCS 4782, pp. 7-I8] 2007.
© Springer-Verlag Berlin Heidelberg 2007
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chunks, which are then stored on different disks across the network in a round-
robin fashion.

Most of parallel file systems are based on Unix or Linux. As far as we know,
WinPFS[4] is the only parallel file system based on Microsoft Windows. How-
ever, it does not allow users to specify the striping size of a file across nodes.
Furthermore, it does not provide a user level library for high performance par-
allel file access. In this paper, we implement a parallel file system for Microsoft
Windows Server 2003 allowing users the flexibility to specify different striping
size. Users can specify the striping size to satisfy the required distribution or
using the default striping size provided by the system. We have implemented a
file system driver to trap Win32 APIs such that existing binaries can access files
stored on our parallel file system without recompilation. Besides, some MPI-IO
functions (such as noncontiguous accesses) are also provided for MPI jobs to
achieve the best performance. We have successfully used our parallel file system
as a storage system for VOD (Video On Demand) services, which can deliver
the maximum bandwidth and demonstrate the successful implementation of our
parallel file system.

This paper is organized as follows: Section [ presents some related works.
Design and implementation will be discussed in section Bl with the detailed de-
scription of our system driver. Section ] depicts the results of performance eval-
uation of our windows-based parallel file system, along with the prototype VOD
system. Finally, we would make some conclusions and provide some directions
in section

2 Related Works

PVFS[EG] is a parallel file system publicly available in the Linux environment.
It provides both user level library for performance and a kernel module package
that makes existing binaries working without recompiling.

WinPFS [4] is a parallel file system for Windows and integrated within the
Windows kernel components. It uses the existing client and server pairs in the
Windows platform (i.e. NFS [7], CIFS [8], ...) and thus no special servers are
needed. It also provides a transparent interface to users, just like what does
when accessing normal files. The disadvantage is that the user can not specify
the striping size of a file across nodes. Besides, its performance is bounded by
the slowest client /server pairs if the load balancing among servers is not optimal.
For example, if it uses NF'S as one of the servers, the overall performance may be
gated by NFS. This heterogeneous client/server environment helps but it might
also hurt when encountering unbalanced load.

Microsoft adds the support of dynamic disks starting from Windows 2000.
Dynamic disks are the disk formats in Windows necessary for creating multi-
partition volumes, such as spanned volumes, mirrored volumes, striped volumes,
and RAID-5 volume. The striped volumes contain a series of partitions with one
partition per disk. However, only up to 32 disks can be supported, which is not
very scalable[9].
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3 Design and Implementation

The main task of the parallel file system is to stripe data or split files into
several small pieces. Files are equally distributed among different I/O nodes and
can be accessed directly from applications. Applications can access the same
file or different files in parallel rather than sequentially. The more I/O nodes
in a system, the more bandwidth it could provide (only limited by the network
capacity).

3.1 System Architecture

Generally speaking, our parallel file system consists of four main components:
Metadata server, 1/O daemons (Iod), a library and a file system driver. Meta-
data server and I/O daemons set up the basic parallel file system architec-
ture. The library provides high performance APIs for users to develop their
own applications on top of the parallel file system. It communicates with the
metadata server and lods, and does the tedious work for users. The complex-
ity behind the parallel file system is hidden by the library and users do not
need to concern about how the metadata server and lods co-operate. With
the help of file system driver, we can trap I/O related Win32 APT calls and
provide transparent file accesses. Most of the user mode APIs have the ker-
nel mode equivalent implementation. The overall architecture is shown in
Fig. M

Client side
User mode

Win32 AP% N

Kernel Mode

i

N4

/

( 7 network >

g =
A /
server side — 7 server side

Fig. 1. The overall system architecture
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Metadata Server. Metadata means the information about a file except for the
contents that it stores. In our parallel file system, metadata contains five parts:

— File size: It describes the size of a file.

— File index: It is a 64-bit number, which uniquely identifies the file stored
on the metadata server. Its uniqueness is maintained by the underlying file
system, such as the inode number of the UNIX operating systems. It is used
as the filename of the striped data stored on I/O nodes.

— Striping size: The size that a file is partitioned.

— Node count: The number of I/O nodes that the file is spread across.

— Starting I/O node: The I/0O node that the file is first stored on.

The metadata server runs on a single node, managing the metadata of a file
and maintaining the directory hierarchy of our parallel file system. It does not
communicate with I/O daemons or users directly, but only converses with the
library, 1ibwpvfs. Whenever a file is requested, users may call the library to
connect with the metadata server and get the metadata of that file. Before a file
can be accessed, its metadata must be fetched in advance.

I/O Daemons. The I/O daemon is a process running on each of the I/O nodes
responsible for accessing the real data of a file. It can run on a single node or
several nodes, and you can run several I/O daemons on an I/O node if you want.
After users get the metadata of a file, the library could connect to the required
I/O nodes, and the Iods would access the requested file and send stripes back
to the client.

Each of the I/O nodes maintains a flat directory hierarchy. The file index is
used as the filename of the striped data regardless of the file’s real filename.
No matter what the real path of a file is, the striped data is always stored in a
directory whose name is hashed from the file index. In our implementation, we
use modulation as the hash function.

3.2 Library

As mentioned before, a library can hide the complexity of a parallel from users.
In this subsection, we would discuss how the different libraries are implemented.

User Level Library. We provide a class library that contains six most impor-
tant file system methods, including open, create, read, write, seek, and
close. These methods are mostly similar to those of the File class in C# but
with more capabilities support. Users can specify the striping size, starting lod,
and Tod counts when accessing a file. The library separates the users from the
Tods and the metadata server. All the tedious jobs will be handled by the li-
brary. With the help of the library, users only need to concern how to efficiently
partition and distribute the file.
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Kernel Level File System Driver. In the Windows operating system, NT
1/0 Manager, which is a kernel component, is responsible for the I/O subsystem.
To allow I/O Manager and drivers to communicate with other components in the
operating system, a data structure called I/O Request Packet (IRP) is frequently
used. An IRP contains lots of information to describe requests and parameters.
Most import of all is the major function code and the minor function code. These
two integers contained in an IRP precisely indicate the operation that should be
performed. I/0 related Win32 APIs will eventually be sent to the I/O Manager,
which then allocates an IRP sent to the responsible driver.

With the help of a virtual disk driver, a file system driver, and a mount pro-
gram, our parallel file system can be mounted as a local file system for Windows.
Fig. @l illustrates the mounting process of our parallel file system. The virtual
disk driver presents itself as a normal hard disk to Windows when it is loaded
into the system. The mount program invokes the DefineDosDevice function call
to create a new volume on the virtual disk. After the new volume is created, the
mount program tries to create a file on the volume. This request will be routed
to the NT I/O Manager. Upon receiving this request, the I/O Manager finds
that this volume is not handled by any file system driver yet. Thus, it sends
an IRP containing a mount request to each of registered file system drivers in
the system. File system drivers check the on disk information when they receive
such a request to determinate if it recognizes this volume.

We implement a crafted read function in the virtual disk driver. The driver
returns a magic string “-pfs-” without quotes when a file system driver tries

mount.exe

Native APl interface
DefineDosDevice(...)

NtCreateFile(...)
CreateHle(...) {
Win32
subsystem User Mode
Kernel Mode
[ syst®m service dispatcher

X\
/O Manager

loAllocatelrp(...);
(setup IRP & /O stack)

loCallDriver(...)

IRP_MJ_FILE_SYSTEM_CONTROL
IRP_MN_MOUNT_VOLUME

ntfs.sys ‘ fat32.sys ‘ pfs.sys | e
all . '
zeros "-pfs-" virtual disk
| virtual disk driver | G :

Fig. 2. The process of mounting our parallel file system
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to read 6 bytes from the disk. Otherwise, it returns zeros. In this way, while
any other file system drivers try to check the on disk information, they do not
recognize the volume. “-pfs-” is the magic string that only our parallel file system
driver recognizes. When the mount request is sent to our file system driver,
it reads 6 bytes from the disk, recognizes the magic string, and tells the I/O
Manager that this volume is under our control. The mount operation completes
and all I/O operations targetting at this volume will be routed to our file system
driver hereafter.

On loading the file system driver into the system, persistent connections are
established to all I/O daemons. The connection procedures are performed once
at the loading time, and all operations are made through these sockets. This
eliminates the connection overhead of all I/O operations from user mode appli-
cations. The file system driver effectively does the same thing as the user mode
library when it receives a read or write operation.

MPI-IO Library. MPI-IO[I(] is the parallel I/O part of MPI and its objective
is to provide high performance parallel I/O interface for parallel MPI programs.
A great advantage of MPI-10 is the ability to access noncontiguous data with a
single function call, which is known as collective I/O. Our parallel file system is
built on .NET framework using C#.

4 Performance Evaluation

In this section, the local file system performance is measured along with read
and write performance of our parallel file system. The hardware used is IBM
eServer xSeries 335 with five nodes connected through Gigabit Ethernet, each
housing;:

— One Intel Xeon processor at 2.8 GHz
512 MB DDR memory

— 36.4 G Ultra 320 SCSI disk
Microsoft Windows Server 2003 SP1

4.1 Local File System Performance

Our parallel file system doesn’t maintain the on disk information itself, but relies
on the underlying file system. The root directory for Iods or the metadata server
is set in an NTFS partition. To test I/O performance of the local file system
and the .NET framework, we write a simple benchmark using C#. The tests
are performed on a single node, running the tests ten times and averaged the
results.

A 64 KB buffer is filled with random data and written to the local file system
continuously until the number of bytes written to the local file system reaches the
file size. Note that the write operations are carried out by the Microsoft .NET
Framework and the NTFS file system driver which has some caching mechanism
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Fig. 3. Performance evaluation of local file system

internally. In Fig. we observe that write performance of local file system
converges to about 55 MB/s when the file size is larger than 768 MB, but the
performance varies when the file size is smaller than 512 MB. We think this is
the effect of the caching mechanism.

To make sure that the files written are not cached in memory, the system is
rebooted before measuring the read performance. The same file is read from the
disk into a fixed-size buffer and the buffer is used over and over again. The data
read is ignored and overwritten by later reads. As you can see from Fig.
read performance converges to about 43 MB/s.

4.2 Performance Evaluation Using User Level Library

The performance of our parallel file system are evaluated on five nodes. One of
them is served both as a metadata server and a client which runs our benchmark
program written with our library. The other four nodes are running I/O daemons,
one for each.

Again, a fixed-size memory buffer is filled with random data. After that, a
create operation is invoked, and the buffer content is written to the parallel file
system continuously until the number of bytes written reaches the file size. The
test program then waits for the acknowledgements sent by the I/O daemons
to make sure all the data sent by the client are received by all I/O daemons.
Note that though the Iods have written received data to their local file systems,
this does not guarantee that the data is really written to their local disks. They
may be cached in the memory by the operating system and written back to the
physical disks later. We ran the tests ten times and averaged the results.

In Fig. we measure write performance with various file sizes and various
number of I/O nodes. The striping size is 64 KB. The size of the memory buffer
used equals to the number of I/O nodes multiplied by the striping size. Write
performance converges to about 53 MB/s when only one I/O node is used. We
consider that the write performance is bounded by the local file system in this
case, since this is almost equal to the local file system write performance as
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shown in the previous test. The performance of writing to two I/O nodes is
about twice of writing to only one node when the file size is large enough.

However, write performance reaches a peak of 110 MB/s when writing to three
or four I/O nodes. For these two cases, they almost have the same performance
since the bottleneck is the network bandwidth rather than the physical disks.
Since all the cluster nodes are connected by a Gigabit Ethernet which has the
theoretical peak bandwidth of 125 MB/s, it is conceivable that a client can not
write out faster than 125 MB/s due to protocol overhead. The same behavior
has been observed in PVFS[TT] and IBM vesta parallel file system[I2]. However,
we expect the write performance to be scalable if a higher bandwidth network
is available in the future.

The size of the memory buffer for read is also the number of I/O nodes
multiplied by the striping size. The data read into the memory buffer is ignored
and overwritten by later data. As you can see in Fig. , read performance
is not as good as write performance. But when we increase the number of 1/O
nodes, the performance increases too. For four I/O nodes, read performance
reaches a peak of 75 MB/s. With the use of more than two I/O nodes, read
performance of our parallel file system is better than that of a local disk.

We have made some tests to figure out why the read performance can not
fully utilize the theoretical network bandwidth. The Iod program is modified
such that when it receives a read request, it does not read the data from the
local file system, but just sends the contents of a memory buffer to the client
directly. The contents in the memory buffer are non-deterministic. In this process
of measuring read performance, the behavior is exactly the same as previous tests
except that no local file system operations are involved. We run the test several
times. The results show that when only one I/O node is used, the curves are
almost identical and the performance reaches a peak of 90 MB/s. In the case of
two I/O nodes, it has the same behavior but the performance reaches a peak
of 93 MB/s. For three and four I/O nodes, the curves are desultory and the
average performance reaches a peak of around 78 MB/s which is lower than the
performance of using only one or two I/O nodes. We think this is due to network
congestion and packet collision. Whenever multiple I/O nodes try to send large
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Fig. 4. Performance evaluation using variable I/O nodes
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amount of data to a client simultaneously, the receiving speed of the client can
not catch up with the overall sending speed of I/O nodes. Therefore some packets
may collide with others and get dropped. The I/O nodes have to back off and
resend packets as required by the protocol design of Ethernet architecture. This
explains why the read performance is not as good as the write performance and
saturated around 75 MB/s when three or four I/O nodes are used. In Fig.
the read performance of one I/O node and two I/O nodes are bounded by the
local file system. In the case of three and four I/O nodes, it is bounded by the
network due to network congestion. Again, as in write performance, we expect
the read performance to be improved significantly when a higher performance
network is available in the future.

4.3 Performance Evaluation Using Kernel Driver

To measure the performance of our parallel file system when using the file system
driver, we write a simple benchmark program which has the same functionality
as the one written in C#. But this benchmark uses Win32 APIs directly to
create, read and write files. We also repeat the tests ten times and average the
results.

Fig. shows the write performance with various number of I/O nodes. The
striping size is 64 KB and the user supplied memory buffer is 1 MB. When we
increase the number of I/O nodes, the performance increases too, but it is worse
than that of the local file system even when four I/O nodes are used. As observed
from Fig. the read performance is much better compared with the write
performance. The performance increases with the number of I/O nodes when
more than two I/O nodes are used, but the performance with only one I/O node
is between that of four I/O nodes and three I/O nodes.

Windows is a commercial product and the source codes are not available.
Therefore, the detail operations are opaque. Furthermore the file system driver
resides in kernel mode and needs a socket library to communicates with daemons
in the parallel file system. Microsoft doesn’t provide a socket library for kernel
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Fig. 5. Performance evaluation using the system driver with 64KB striping size and
1MB user buffer
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mode programmers. The lack of a sophisticated kernel mode socket library also
makes it difficult to write high performance programs.

The main purpose of implementing a kernel driver is to enable existing bi-
naries to run over this parallel file system. However the parallel file system is
developed mainly for high performance applications. We expect users to write
high performance applications using our new APIs created especially to take
advantage of this parallel file system.

4.4 Performance Evaluation Using MPI-10

We use the MPI-IO functions that we have implemented to write a benchmark
program. In this case, we set the size of etype[10] to 64 KB which is equal to the
striping size of the previous three cases. This is an obvious selection, since an
etype (elementary datatype) is the basic unit of data access and all file accesses
are performed in units of etype. The visible portion of the filetype is set to an
etype and the stride[I0] (i.e. the total length of the filetype) is set to the number
of 1/O nodes multiplied by the etype. Finally, the displacement is set to the
rank of the I/O node multiplied by the etype. All the others are set based on
the previous settings.

We measure the performance by varying the number of I/O nodes from one
to four. The buffer size is set to be the number of I/O nodes multiplied by
the etype. Each test is performed ten times and averaged to get the final re-
sult. The write and read performance are shown in Fig. and Fig.
respectively.

The trends of the write and read performance resemble those which we have
discussed above. Compared with the library of our parallel file system, 1ibwpvfs,
the MPI-IO functions have some added function calls and operations, but they
do not influence the performance deeply. Consequently, the MPI-IO functions
are provided without suffering serious overhead.

Write Performance. Read Performance
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Fig. 6. Performance evaluation using our MPI-I1O library
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4.5 VOD Prototype System

Besides, we have set up a distributed multimedia server on top of our parallel
file system. Microsoft DirectShow is used to build a simple media player. Using
DirectShow with libwpvfs, we build a media player, which could play multime-
dia files distributed across different I/O nodes. Since DirectShow can only play
media files stored on disks or from a URL, we establish a web server as an agent
to gather striped files from I/O nodes. This web server is inserted between the
media player and our library, libwpvfs, and it is the web server that uses the
library to communicate with the metadata server and I/O nodes.

The data received by the web server from I/O nodes is passed to the media
player. The media player plays a media file coming from the http server through
a URL rather than from the local disk. Both the media player and the web
server run on the local host. The web server is bound with our media player
and transparent to the end user. A user is not aware of the existence of the web
server and could use our media player as a normal one.

Any existing media player programs which support playing media files from
an URL, such as Microsoft Media Player, can take advantage of our parallel file
system by accessing the video file on our web server. In this way, we may provide
a high performance VOD service above our parallel file system.

5 Conclusions and Future Work

PC-based clusters are getting more and more popular these days. Unfortunately
almost all of the parallel file systems are developed in UNIX-based clusters. It
is hard to implement a Windows-based parallel file system because Windows
is a commercial product and the source codes are not available. In this paper,
we have implemented a parallel file system which provides parallel 1/O opera-
tions for PC clusters running Windows operating system. A user mode library
using .NET framework is also developed to enable users writing efficient parallel
1/0 programs. We have also successfully implemented a simple VOD system to
demonstrate the feasibility and usefulness of our parallel file system. In addition
we have implemented key MPI-IO functions on top of our parallel file system
and found that the overhead of implementing MPI-IO is very minimal. The per-
formance of MPI-10 is very close to the performance provided by the parallel file
system. Furthermore, we have also implemented a file system driver which pro-
vides a transparent interface for accessing files stored on our parallel file system
so that existing programs written with Win32 APIs can still run on our system.

We have found that both write and read performance are scalable and only
limited by the performance of the Ethernet network we use. We plan to further
evaluate the performance of this parallel file system when we can obtain a higher
performance network such as Infiniband under Windows and believe that our
parallel file system can automatically achieve much better performance.

The prototyping VOD system proves the usability of our parallel file system
in the Windows environment. Varying the striping size in the VOD system under
different load conditions may have distinct behavior. The impact of the striping
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size may hurt or help the VOD system under different load conditions. We would
perform some detailed experiments and analysis in the near future. This would
help us develop a more realistic and high performance VOD system that can
benefit from our parallel file system.
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Abstract. This paper presents a publish/subscribe based asynchronous remote
method invocation framework (PARMI) aiming to improve performance and
programming flexibility. PARMI enables high-performance communication
among heterogeneous distributed processors. Based on publish/subscribe
paradigm, PARMI realizes asynchronous communication and computation by
decoupling objects in space and time. The design of PARMI is motivated by the
needs of scientific applications that adopt asynchronous iterative algorithms. An
example scientific application based on the Jacobi iteration numerical method is
developed to verify our model and evaluate the system performance. Extensive
experimental results on up to 60 processors demonstrate the significant
communication speedup using asynchronous computation and communication
technique based on the PARMI framework compared to a baseline scheme
using synchronous iteration and communication.

1 Introduction

Large scale distributed computing is complicated and poses a significant challenge
due to its scale, dynamics, and heterogeneity. Traditional solutions like RPC (remote
procedure call) gained popularity due to widely available built-in libraries. But RPC
offers limited capabilities because it supports only C/C++ and Fortran programming
languages and primitive point-to-point communication. The goal of this study is to
provide a flexible programming tool based on publish/subscribe paradigm for parallel
and distributed applications with decoupled communication and asynchronous
computation.

Our contributions include: (1) design and develop the PARMI framework to enable
scalable asynchronous computation and communication; (2) adopt the
publish/subscribe paradigm to enhance the existing remote method invocation (RMI)
in Java by enabling asynchronous RMI; (3) make use of the recently introduced
generics mechanism in Java to enable flexible interfaces to support dynamic
applications and parameterized classes and objects.

The rest of this paper is organized as follows. Section 2 presents the motivation
and related work. Section 3 presents the system architecture of the overall design of
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the PARMI including main features. Section 4 presents and analyses the experimental
results and evaluates its performance. Finally, Section 5 concludes this paper.

2 Related Work

Java has grown into a main-stream programming language since its inception. With
the increasing adoption of Java for parallel and distributed computing, the built-in
remote method invocation (RMI) mechanism is one of the most popular enabling
solutions for parallel and distributed computing using Java [1]. Building on the
popularity of RMI, we further enhance it with asynchronous communication, which is
desirable to decouple sending/receiving objects and facilitate overlapping
computation and communication. In PARMI, the publish/subscribe paradigm is used
to decouple communicating parties in both time and space. Following the object-
oriented programming paradigm, PARMI aims to provide a simple platform to
support complex large-scale scientific applications.

The challenging issues are as follows: (1) how to overcome a synchronous and
point-to-point communication nature of RMI, (2) how to provide a scalable
framework for dynamic applications, and (3) how to maintain a strong decoupling of
participants in both time and space.

2.1 Shortcomings of Java RMI

The RMI system allows an object running in one Java virtual machine (JVM) to
invoke methods on an object running in another JVM. A user can utilize a remote
reference in the same manner as a local reference. However, the synchronous nature
of RMI leads network latency and low-performance. Thus, several implementations
have been developed that support extended protocols for RMI. These include Manta,
NinjaRMI, and JavaParty by changing the underlying protocols such as the
serialization protocols [2]. In 1997, Object System presented a communication system
called Voyager, providing several communication modes allowing for synchronous
invocation, asynchronous invocations with no reply (one way), and asynchronous
invocation with a reply (future/promise) [3-6].

Asynchronous RMI with a Future Object. The RMI with a future object is the
latest and most efficient means for providing asynchronous communication between a
client and a server. A future object allows a client to continue computation after the
incomplete communication without being blocked. Thanks to built-in classes and
interfaces for the future object which holds a result of an asynchronous call, we don’t
need to spend time to implement the future object after Java version 1.5 or later. The
previous asynchronous RMI studies have manipulated the stub class, which was
generated automatically by an rmic compiler. Many difficulties in maintenance have
occurred from this approach. For example, if a method that is invoked remotely by an
object is modified, the corresponding classes and interfaces should be changed
accordingly. After a stub class was generated by a RMIC compiler, we must change
the stub class manually. Therefore, we focus on adding codes to access the
FutureTask on the client side, not changing the stub class.
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Fig. 1. Operation of the asynchronous RMI with a future object

Fig. 1 shows the operations of the asynchronous RMI with a future object. Several
client-side processes send signals to invoke server-side methods. A_Impl class has all
business logics for methods of A interface. A interface has all method names available
for remote invocation. Server program creates an instance of the A_Impl class and
binds the service with the RMI registry. Now, a client is able to get a remote reference
from the RMI registry using lookup service. Once the client invokes a method, it
proceeds with the remaining works without waiting because a future object is returned
instantly when it is called.

This model overcomes synchronization but it is still tightly coupled in space and
time [7].

2.2 Publish/Subscribe Communication Model

In the publish/subscribe model, the information bus requires operating constantly and
tolerating for dynamic system evolution and legacy system. Providers publish data to
an information bus and consumers subscribe data they want to receive [8]. Providers
and consumers are independent to each other and need not even know of their
existence in advance. In general, the provider is also called the publisher, the
consumer is the subscriber, and the information bus is the middleware or broker. In
systems based on the publish/subscribe interaction paradigm, subscribers register their
interests in an event or pattern of events, and are subsequently asynchronously
notified of events generated by publishers [7].

As distributed systems on wide area networks grow, the demands of flexible,
efficient, and dynamic communication mechanisms have increased. The
publish/subscribe communication paradigm provides a many-to-many data
dissemination. It is an asynchronous messaging paradigm that allows for better
scalable and more dynamic network topology. The publish/subscribe interaction is an
asynchronous messaging paradigm, characterized by the strong decoupling of
participants in both time and space [9].

The classical categories of publish/subscribe communications are topic-based and
content-based systems. In the topic-based system, messages are published to topics or
named logical channels, which are hosted by a broker. Subscribers obtain all
messages published to the topics to which they subscribe and all subscribers to the
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topic will receive the same messages. Each topic is grouped by keywords. In the
content-based system, messages are only delivered to a subscriber if the attributes or
content of those messages match constraints defined by one or more of the
subscriber’s subscriptions. This method is based on tuple-based system. Subscribers
can get a selective event using filter in form of name-value pairs of properties and
basic comparison operators (=, >, 2, <, <). However, these classical approaches have
limited in designing the object-oriented system. They have considered the different
models for the middleware and the programming language. Consequently, the object-
oriented and message-oriented worlds often claimed to be incompatible [10]. Patrick
T. Eugster presented a type-based publish/subscribe which can provide type safety
and encapsulation [11].

3 PARMI System Architecture

3.1 PARMI Framework

As shown in Fig. 2, PARMI consists of four main components: publishers,
subscribers, adapter, and items. Publishers and subscribers preserve the stub/skeleton
and the remote reference layer, because they use the same objects and methods from
the RMI system. However, the adapter and items are designed particularly for the
PARMI framework that enable the publish/subscribe communication.

The adapter is a central entity that keeps a set of all available items for publishers
and subscribers in a hierarchical manner. The set is represented as a hashtable €= {x;...
X}, where x; is an item. The set has a unique topic as a key mapping with an item x; for
a value as hashtable. The adapter collects subscriptions and forwards events to
subscribers. The adapter executes the same role as a server in the existing RMI system.

| Subscriber I Subscriber Subscriber
[ Stub l Stub Stub

[Remote Ref] [Remote Ref] [Remote Ref]

Adapter Implementation

Hashtable
subject |item<V>
A issue V aa
B issue V bb
[ Remote Ref] [ Remote Ref] [ Remote Ref]
[ stw | [ stw | | st |
‘ Publisher | | Publisher | ‘ Publisher |

Fig. 2. PARMI organization



PARMI: A Publish/Subscribe Based Asynchronous RMI Framework 23

An item x; is an element in the adapter holding the mapping information in three
attributes: a topic as a String type, a value as a generic form <V>, and a collection of
subscribers’ remote references £= {S; ... S,,} interested in the topic. Generics enables
type-safety and simple interfaces to create automated data objects[12]. <V> can be
any type of object such as Integer, Boolean, Double, String, Arrays, or even Class.
Whenever a corresponding event occurs, an item keeps adding or removing three
attributes. When notifySubscribers method is locally invoked, it notifies all subscribe
methods of each subscriber registered. And this mechanism was inspired by the
observer-observable design pattern, which is also available in java.util.* libraries in
the form of interface Observer and class Observable.

Fig. 3 shows operations in the PARMI system. If we have a set of processes, I1=
{p;... p,} that communicate by exchanging information items, then each process p;
executes three operations: publish,(v,t),registery(S;t),and unregister,S,t), where v is a
value of an information item, ¢ is a topic for publish and subscribe, and S is a
subscriber itself.

Each process p; can be either a publisher or a subscriber. If p; is a publisher, then it
sends the data to the adapter when it is ready. When publish,(v, t) method is invoked
by process p;, the adapter checks its Hashtable € whether it contains the item with the
key ¢. If the item x already exists, the adapter updates the item’s value v. If not, the
adapter creates x with v. After updating with the value, the adapter notifies to all
subscribers £= {S;...S,,} who registered themselves to x.

On the contrary, p; is a subscriber S;, it registers itself with an item in the adapter to
receive the data interested in, or releases itself from an item in the adapter if the
subscriber doesn’t want to subscribe anymore. p; interacts with other processes by

m
|
¥ v

remote call remote call remote call

Adapter.publish() Adapter.register() Adapter.unregister()

check key check key
Adapter.Table i
not exist Adapter.Table ot exist Adapter.Table
exist exist exist
update item create item add Si create item remove Si
to item with Si from item

Y

Y

notify subscribers
notify subscriber Si

(a) publish (b) register (c) unregister

Fig. 3. The operations in PARMI
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subscribing the class of events interested in and by publishing event notification. p;
receives a value v submitted by other processes by executing an upcall to subscribe,(v,
t). Subscriptions are respectively installed and removed at each process by calling
register,(S, t) and unregister,(S, t) operations. That is p; receives a value v only after
registering its interest by calling register,(S, t). After that, if p; carries out unregister;
(S, sub), then it is excluded from the subscription list. The adapter checks Hashtable €
with a key ¢ for register;(S, t) method which is invoked by a subscriber S;. If an item x
with ¢ already exists, the adapter adds S; to x and notifies only to the current added S;
who wants to receive x at this instant. If not, the adapter creates x with adding S; to
subscription collection £. On the other hand, the adapter removes S; after unregister (v,
t) method is called. In the PARMI, publishers and subscribers carry out the same role
as clients in the existing RMI system.

Because all three methods are in the adapter and their return types are void, p;
invokes each method using RMI with a future object and passes the control to the
adapter. All reference data are handed over to the adapter, but p; does not need to wait
until the method finishes its work.

3.2 Application of PARMI with Jacobi Iteration

To provide a parallel grid computing with the Jacobi method, we use centralized
summation algorithm that is composed of a central master and N workers[13]. The
master partitions a matrix into N number, assigns a unique id to each process, keeps
the information item which is provided by workers, and collects all convergence rates
from each worker. The workers are labelled with a unique id which indicates the
position of the matrix. Each worker calculates interior points of the matrix, exchanges
boundaries of the matrix, and computes the maximum difference between the old
matrix and the new matrix. Fig. 4 and 5 show the detailed Jacobi iteration processes
on the PARMI between the master and workers.

Fig. 4 shows communications between a master and workers before workers start
their own calculations. (1) A master registers itself with the RMI registry on its host
name using a unique name, “Jacobi”. A worker requests the remote reference of the
master to the RMI registry using lookup service. (2) The master returns the remote
reference of itself. Now, each worker is ready to invoke methods of the master. (3)
The master assigns ids to all the workers at the same time. If there is a worker that did
not request its id, then the rest of the workers wait until the entire workers request
their ids. As soon as the last worker requests its id, all the workers are notified and
their ids are simultaneously assigned. (4) After that, the workers can start their jobs.

Fig. 5 illustrates the remaining communications between a master and workers
after workers start their own jobs. (1) A worker registers itself with a topic in which is
interested, i.e. the topic is the boundaries of the assigned matrix. And it calculates two
different matrix values and computes the maximum difference between them. (2) A
worker publishes the boundary values of the matrix. (3) If a worker registered its topic
and the topic’s value was published, then it automatically subscribes the topic’s value
from the master. Because each worker has a different speed, information items in the
Hashtable is created by either register or publish method. Each worker repeats its
process until the maximum difference reaches the convergence rate. Then the worker
sends its convergence rate to the master. The master notifies the worker to stop its job
if all the workers have reached the local convergence.
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Fig. 6 is the schematic diagram of the asynchronous Jacobi implementations. The
PARMI framework provides the package, s3lab.parmi.*. The things to use PARMI
are implementing Adapter and Subscriber interface. For the first time user, we
provided AdapterTask class which already implemented three methods in Adapter
interface using Item class. For Jacobi iteration, we made three different packages,
Jjacobi.master.*, jacobi.commnon.*, and jacobi.worker.* according to the RMI syntax.
The master implemented Adapter interface and the worker did Subscriber
respectively. For remote site calls, the jacobi. commnon.* package is located in both
master and worker sides. A worker in jacobi.worker.* package has the roles: registers
its interested parts; calculates its own part; publishes the edges of its own matrix; and
sends its id, value, and iteration time to the master node when it reaches the
convergence rate. A master in jacobi.master* package plays the following roles:
divides the whole matrix into the number of workers; allocates the matrix to each
worker; collects the convergence rate; and send its decision to stop worker if all
worker reach the convergence rate.
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Fig. 6. Implementation of Jacobi application using PARMI framework

4 Performance Results

All experiments were conducted on a cluster with 60 processors combined with a
server and 4 racks: The server machine has dual 2.4 GHz processor with 2 GB
memory; and the racks have one or dual processors and their speeds are from 1.5 to
3.0 GHz with 0.25 to 1 GB memory. We used the server as a master and the 4 racks
as workers. All of the machines run Linux 2.6.9 kernel. All experiments were
conducted using SUN's JDK version 1.5.0. All machines were connected to each other
by GB interconnection. Measurements were performed using the
System.currentTimeMillis() method in Java with convergence threshold of 0.03, and
grid size of 18,000 by 18,000.

We did not count the initial response time of each worker. All workers wait until
the last worker requests its id, and complete their connections to the master. We could
not predict the time between the workers and the master because each machine has a
different time interval between these processes. Due to this unpredictability, we did
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not include the time before all processes connected to the master to be assigned ids.
The synchronous version was implemented using the current existing RMI
communication with synchronous iterative algorithm, and the asynchronous one was
done using the PARMI framework with the asynchronous iterative algorithm [14].

Fig. 7 (a) shows the execution costs for the synchronous and asynchronous
versions in the master in order to analyse the overall performance. After the total
processors for workers reached at a certain point, the asynchronous versions were
faster than the synchronous one. In our experiments, the number of processors was
15. Fig. 7 (b) shows, the iteration numbers for asynchronous version has irregular
because of asynchronous algorithm.

Fig. 8 shows that asynchronous versions are faster than the synchronous counterparts
for communication time. In synchronous version, workers become idle until the process
of a master is completed and they get the data needed for their next iteration.
Furthermore, the convergence detection is done with a gather-scatter operation at each
iteration, which takes longer time than a totally asynchronous detection. On the other
hand, synchronous version has less computation time than asynchronous one because its
iteration number is always less than the asynchronous one.

100 100

90 90 —O—Synch lteration
—&—Asynch lteration
80 —&— Asynch Time 20 yal

70

60
50
40

time in seconds

time in seconds
=
3
[

30
20 20

0 15 20 25 36 40 45 50 55 60 0 15 20 25 36 40 45 50 55 6O
number of processors number of processors

(a) ()
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Table 1. Comparisons of speedup, (t): total execution cost, (c): average communication cost,
Speedup is the time on synchronous versus asynchronous versions

N 10 15| 20 25 36| 40 45| 50 55| 60
Sync (t) 86 67 61 52 42 40 40 41 42 45
Async (t) 88 66 51 51 40 35 35 34 34 34
Speedup (t) 1.0 1.0 1.2 1.0 i, 1.1 1.1 1.2 1.2 1.3
Sync(c) 9.3 9.1 10.2 9.7 15.1 16.3 18.3 25.6 25.5 25.1
Async(c) 0.9 1.2 2.0 1.8 3.2 2.7 3.6 9.0 6.8 11.0
Speedup (c) 10.3 7.4 5.1 5.5 4.7 6.0 5.0 2.8 3.8 2.3

PARMI produces a dramatic performance increase and high throughput by the
improvement of communication time. We desynchronized the communication using
asynchronous algorithms and asynchronous RMI method invocations. These
suppressed all the idle time, and so reduced the whole execution times.

Finally, Table 1 summarizes all the results above. These results demonstrate that
the speedup of synchronous versus asynchronous communication improves over 2
times. In these experiments, we can see results that when the ratio of computation
time to communication time increases, the ratio of synchronous time to asynchronous
time decreases because computation time takes a majority compared to
communication times. Hence, for very large problems, it requires more processors
to both reduce computation times and preserve an efficient ratio of synchronous time
to asynchronous time.

5 Conclusion

We have investigated how RMI can be made asynchronous and suitable for dynamic
parallel and distributed systems. Our goal was to design a framework that offers
efficient communication for scientific computing, preferably using communication
models that integrate cleanly into Java and are easy to use. For this reason, we have
taken the existing RMI model as a starting point in our work.

We have given a description of the RMI model and investigated asynchronous
RMI implementations on their suitability for high performance parallel programming.
This analysis showed that these existing RMI implementations are not efficient to
fully utilize a high-performance network because of point-to-point and synchronous
communication nature.

To address the communication bottleneck, we designed and implemented PARMI,
a high-performance RMI framework that is specifically optimized for parallel
programming in a heterogeneous cluster computing environment. To overcome point-
to-point and asynchronous communication, we adopted a publish/ subscribe
communication model. We also used Generics to provide a flexible and scalable
object-oriented platform.

A scientific application using the Jacobi iteration method has been developed to
demonstrate the performance gain using PARMI communication framework
compared to the conventional RMI mechanism. To enhance the performance
improvement, we chose synchronous and asynchronous iterative algorithms. The
synchronous version was implemented using the current existing RMI communication
and synchronous iterative algorithm. The asynchronous version was implemented
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using PARMI framework following the asynchronous iterative algorithm. We showed
that the asynchronous application using PARMI significantly improved the
performance compared to the synchronous one. We have also showed that the
performance improvement was mainly owing to reduced communication overhead.
Our ongoing research is to realize asynchronous communication for parallel
applications in grid environments.
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Abstract. We present a parallel job scheduling approach for coarse-
grain timesharing which preempts jobs to disk and avoids any additional
memory pressure. The approach provides control regarding the resource
shares allocated to different job classes. We demonstrate that this ap-
proach significantly improves response times for short and medium jobs
and that it permits controlling different desirable resource-shares for dif-
ferent job classes at different times of the day according to site policies.

1 Introduction

User satisfaction in regards to getting jobs run on parallel machines is often
not sufficiently satisfactory because short and medium jobs may under certain
conditions have long wait times. Our goal is to provide an approach which can
provide better service to short and medium jobs, while permitting explicit control
over how much resource share is allocated to medium and short jobs vs. long
jobs at different times of the day.

We address this problem by providing a practically well feasible approach of
time-shared execution. If time sharing is used in parallel-job scheduling, the
typical approach is gang scheduling which creates multiple virtual machines
and switches synchronously between different time slices via central control, ap-
plied to all machine nodes or hierarchically organized to subsets of them. Gang
scheduling provides higher probabilities to get short and medium jobs scheduled
quickly even in the presence of wide long-running jobs because of having mul-
tiple virtual machines available in which to place the jobs. Time slices under
gang scheduling are in the range of millisecond or a few seconds. However, gang
scheduling increases the memory pressure because gang scheduling can be effi-
ciently implemented only by keeping all active jobs in memory, meaning that
the jobs from multiple slices have to share the memory [TT][14]. In addition, no
explicit control regarding backfilling is provided.

Another option is to preempt jobs to disk by suspension or checkpointing
and to support coarse-grain time sharing (switching between jobs in long time
intervals like minutes or hours) [11] or take off jobs in special cases only [5].
However, all existing preemptive approaches lack explicit control of scheduling
options for individual jobs.

R. Perrott ct al. (Eds.): HPCC 2007, LNCS 4782, pp. 30 2007.
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Our approach (called SCOJO-PECT as an extension of our earlier SCOJO
scheduler by preemption and control) employs coarse-grain time sharing with
explicit control (specifying desirable resource share parameters by the system
administrator), based on suspension of jobs to disk. In detail, our approach

— uses explicitly controlled preemption in certain long-range time slices to im-
prove response times for short and medium jobs,

— applies safe backfilling,

— supports varying resource allocation policies over the day,

— uses a share-based control without priorities to drive the scheduling of jobs.

In [2], we have presented an initial solution and evaluated it in a grid context.
In this paper, we refine our approach for local clusters, experiment with the
possible further optimization of merging medium and long jobs under certain
conditions in the job context, and evaluate our approach for different configura-
tions and with both workloads generated by the Lublin-Feitelson [6] model and
real job traces taken from the Feitelson Workload Archive [3]. We demonstrate
that our approach improves overall response times and bounded slowdown sig-
nificantly, therefore being competitive to gang scheduling without the memory
pressure involved in gang scheduling. We also show that short and medium jobs
are served very well, independent of the other jobs in the system.

2 Related Work

Preemption has been found useful in providing good utilization and response
times, though only if accompanied with migration, i.e. being able to select new
resources when rescheduling the job [9][15]. Migration is only possible with check-
pointing, but checkpointing should be done at suitable application-specific points
in the execution (which may occur in the order of hours based on personal
communication with Sharcnet system administrators). Suspension to swap disk
requires continuing the job on the same resources.

Gang scheduling, which switches between jobs in a coordinated manner via
global time slices, is also a kind of preemption but keeps jobs in memory to reduce
switching costs. Gang scheduling is known to provide better average response
times and bounded slowdowns [§]. Similar benefits as from gang scheduling were
found to be obtainable in [I1] [16] via coarse-grain time sharing. The approach in
[1] finds benefits if preempting jobs after a maximum of 1 hour runtime provided
that they are over a certain size limit (this approach ignores preemption cost)
but is combined with migration. These approaches do not provide any fair-
share considerations. The approach in [5], however, demonstrates benefits in
both average and worst-case slowdowns for all job classes with suspension only.
The approach considers the relative slowdown of preemptor and preemptees and
imposes limits on possible slowdown and relative sizes between preemptor and
preemptees to avoid that long-running jobs suffer disadvantages.

Job schedulers normally apply backfilling which permits jobs to move ahead
vs. their normal scheduling position to better utilize space. Conservative back-
filling only permits this to happen if no other job in the queue is delayed. EASY
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backfilling only guarantees the first job in the waiting queue not to be delayed.
Preemption may also be applied in conjunction with backfilling: Jobs may be
backfilled even if their estimated runtimes are longer than the available back-
fill window and be terminated/restarted or preempted if their actual runtimes
create a conflict [10] [13].

Fair share scheduling was first proposed by Maui [4] though now other sched-
ulers like LSF have included fair-share ideas, too. Maui maintains shares per
user or group over time and adjusts them by considering the recent past time
intervals and weighing them exponentially. Maui combines a number of factors
such as political priorities (like group), system priorities, and user priorities and
translates them into priorities. Moab [7] is a commercial extension of Maui with
more differentiated optimization and priority approaches and also support of
preemption, which can optionally be applied upon failure to meet fair share
targets, upon backfilled jobs running into reservations, upon expected response
times becoming too long, or upon jobs with higher priority arriving. However,
the actual algorithms are not revealed.

3 Preemption and Share Control

3.1 Problems in Standard Job Schedulers

There exist a couple of problems in standard job schedulers which lead to prob-
lems which cannot be resolved without preemption or different partitions for
different service requirements:

— a wide long-running job may block a short or medium job from being sched-
uled

— wide short or medium jobs, though occurring infrequently, are hard to serve
well and—as all wide jobs—require the machine to be drained

— the machine may be well utilized by medium and long-running jobs, leaving
no chance for a short job to be filled or backfilled quickly

In addition, prevention of starvation requires some aging of long jobs but then
they may end up being scheduled at an unsuitable time and EASY backfilling
can push jobs unfairly backward.

The above reasons can especially affect maximum response times but also
average response times. Of course, there exists also a dependence on the current
system load—which is unavoidable, i.e. jobs wait longer if there is much work
on the machine and in the waiting queue ahead of them.

3.2 Owur Basic SCOJO-PECT Approach

The basic idea of our approach is coarse-grain time sharing with time slices
in the minute (or potentially hour) range. This permits suspension of jobs to
disk, keeping all memory available for the next running job, and making the
overhead tolerable, while accomplishing similar benefits as gang scheduling. The
approach is feasible in most cluster environments: for example, most clusters in
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the Sharcnet project [12], have a local disk per node and 8 Gbyte of memory.
If all memory is used by the application this makes 2 * 8 Gbyte (in and out)
of data to be transferred. Assuming a bandwidth of 150 Mbyte/sec, this results
in 109 sec. With 3 time slices (short, medium, and long-running jobs) per time
interval but short jobs likely to use little memory, this makes a maximum of 4
min swap time per time interval.

The time slices are primarily designated for certain job classes, i.e. each slice
has a specific dominant job type. This permits for example a differentiation into
short-job, medium-job, and long-job time slices. This approach provides a basis
to perform controlled resource allocation for the different job classes.

In addition, we permit definition of certain resources shares (ratios of the
overall resource utilization) to be defined for different job classes in different
time intervals of the day. These shares are mapped to corresponding lengths of
the time slices. Shares express which jobs should run at each time of the day but
also indirectly determine the priority given to a job class. Thus, it makes sense
to allocate higher possible shares to a job class than its average usage is (as we
have done in our experiments for medium jobs). The expected benefits of our
overall approach are

— to make sure that short jobs can be scheduled, independent of the currently
running medium and long jobs and independent of their own size,

— consequently also to be able to serve medium jobs well in the presence of
wide long-running jobs and being able to control how certain job classes are
served over the day, e.g. to provide less share for long jobs at daytime and
more at night time,

— to avoid problems like stranded jobs which may result from preemption of
individual jobs by preempting the whole group of running jobs.

In addition, we have a more explicit handle to control resource allocation
to jobs than using the typical priority approach which keeps the effects hard to
understand and can lead to undesirable cases like a wide long-running job finally
ending up being scheduled during the day.

A potential problem is that the differentiation of job classes into different time
slices leads to fragmentation. However, we permit limited backfilling of other job
classes and merging of slices as described below.

-------------------------------- -..
A— A
Interval X Intexrval ¥

Fig. 1. Share allocation in different intervals during different times of the day. S are
short, M medium, and L long-running jobs.
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3.3 Shares and Time Slices

We split the 24 hours of the day into a number of equidistant time intervals and
permit target ratios for different job classes to be defined for every time interval.
This task may be done by system administrators according to site policies, while
incorporating feedback from job traces regarding the overall typical job mixes.

To keep slice handling manageable, we define slices per each interval, i.e. we
keep fixed boundaries for the slices, see Fig. [l Thus, we may have one short-
job slice, one medium-job time slice, and one long-job time slice per 60 minute
interval. We define the slices at the beginning of the time interval, while deciding
the slice lengths for the different job classes on the basis of the target ratios.
However, short jobs are handled separately and get a slice length according to
the longest waiting short job. Thus, short jobs are not preempted except as a
result of being backfilled into a non-short time slice. The remaining time of the
time interval is split according to the ratios defined among the other job classes.
If no jobs of a certain class are available, the share is attributed to another class
for the corresponding interval. If using short, medium, and long job classes, the
ratio defines how the time is split among medium and long jobs.

Accounting considers all used shares from the different job classes per time
interval, with the sum representing the machine utilization for the time interval.
The accounting considers jobs backfilled into a slice that is basically designated
for a different class. In addition, it can happen that in certain time intervals no
jobs of a specific class are available. Thus, we apply an adjustment of share allo-
cation, based on target shares and past usage, with the latter being considered
for a certain past time window and weights declining exponentially with time
distance. Note that this corresponds to the fair-share idea as introduced by the
Maui job scheduler [4]. We use m different weights, calculated as A x B™ with
0 < B < 1. B determines how quickly the weights decline and A >, , = B’
determines the impact given to the past. Then, the share allocation is adapted
to variations in job submission within the range of the typical job mix.

3.4 Scheduling with Controlled Backfilling into Time Slices

At the beginning of each time interval, time slices of the different types for the
corresponding job classes are obtained, according to the description in Section
Time slices of different types (designated to a specific job class) are cur-
rently always scheduled in the same order for each time interval, i.e. from short
to long. The initial allocation for each time slice is the set of jobs that were
preempted when the corresponding time slice (of same type) in the previous
time interval ended. This permits jobs to be re-started on the same resources.
Then, the scheduler attempts to allocate jobs of the job class which corresponds
to the slice type from the head of the preemption and waiting queues. The
resource-allocation approach is either first-fit or a smart node-selection heuristic
as described below. Afterwards, the scheduler attempts to backfill as described
below. The scheduling order per job class is FIFO. This is feasible because we
no longer need priorities to give shorter-running jobs better service.
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Our basic backfilling approach is EASY, adjusted to work with different job
classes and our time-slice restrictions. We first try to EASY backfill from the
same job class. Then we backfill from other job classes, while searching the other
job classes in increasing order of their runtime ranges. This step is important
because often jobs of same type cannot be packed well enough or because there
may not be sufficient jobs of each type at a certain time. Note that this backfilling
is safe, i.e. does not create any resource conflicts but rather permits jobs to
start /continue running in the other slice if there are no conflicts. Then, this
backfilling stage applies the following rules:

1. Any preempted jobs from other slices that can fit onto the free resources are
candidates for backfilling (they are handled before any waiting jobs).

2. Any waiting jobs of other classes can be backfilled if not delaying the first
waiting job of their own class.

In both cases, jobs either need to finish before the end of the slice or run on
resources which are not yet allocated in the slice of their own corresponding
type and therefore can continue running in their own slice. The abstract code is
shown in Fig[l

In addition, we experiment with two further possible optimizations: 1) smart
node selection (hoping to increase the options for backfilling of other-type jobs,
and 2) merging of medium/long type slices to increase utilization. The smart
node-selection heuristic tries to allocate jobs on resources which are not yet
allocated to any job in any of the slices. This makes it more likely that jobs can
backfill. The heuristic counts the jobs allocated per node and then selects the
nodes with the lowest count. This heuristic is less important for highly loaded
systems but can play a role in cases of only sporadic arrival of certain job types.

The idea behind merging of medium/long slices is that keeping different job
classes can potentially provide poor utilization, e.g. if there is only one job of
each class, each using only some of the resources. Thus, the scheduler merges
slices if all of the below conditions apply:

— slices (currently medium and long) are merged if the utilization is poor,

— there are no very wide jobs in any of the slices (which would lead to serious
resource conflicts),

— merging slices does not create too many resource conflicts (two jobs using
fully or partially the same resources).

While running in merged mode, the scheduler attempts to maintain the cur-
rent target shares and predicted target shares for the next interval (within some
tolerance range) when selecting medium and long jobs to schedule. If there are
any resource conflicts under merging, the heuristic to solve this problem is to
schedule the job first which bests meets the target shares. The backfilling is
modified to exclude nodes which are needed to schedule waiting preempted jobs.

Conversely, we need to decide when to split a merged slice again into differ-
ent slices per class. Fortunately, this does not involve any resource problems: the
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// POTENTIAL OPTIMIZATION for merging medium/long slices
// schedule preempted jobs of slice type, avoid collisions if merging
for (all job in preemptionQueue[sliceType])

if (!collision) scheduleJob(job);

else scheduleJob(bestFitTargetShareJob());

// try to schedule waiting jobs (avoid collisions with preempted jobs)
if (scheduledPreemptedJobs)

{ // POTENTIAL OPTIMIZATION for smart node selection
excludedResources = collectResourcesUsedByScheduledPreemptedJobs();
for (job in waitingQueue[sliceTypel] )

if (jobSchedulableWithExcludedNodes (job,excludedResources))
scheduleJob(job); else break; }
else for (job in waitingQueue[sliceTypel)
if (jobScheduable(job) scheduleJob(job); else break;

tryEasyBackfill (sliceType);

// try restrictive backfilling with other job types
for (queue in preemptionQueue) // sorted by increasing runtime class
for (job in queue)
if (jobFits() && noCollision(job,excludedResources)
scheduleJob(job) ;
for (queue in waitingQueue) // sorted by increasing runtime class
{limit = findShortestRemainingRuntime (runningQueue);
for (job in queue)
if (runtime(job) <= limit && jobFits() &&
noCollisionInOwnSlice(job,jobType) scheduleJob(job);

Fig. 2. Core scheduling algorithm

jobs are simply sorted into their corresponding time slices according to their
type. We use the following criteria for splitting:

— There are wide jobs which otherwise cannot be scheduled.
— The required share cannot be maintained if keeping the slice merged.

3.5 Properties of SCOJO-PECT Scheduler

As long as conservative scheduling is applied, the following property applies for
response times R for a certain job class C, maxrR maximum response times, a
time span T under consideration with T'(C') being the shares allocated to C;
Prio being the standard priority scheduler, Conly a FCFS schedule for only
the jobs of C' (dropping all other jobs from the schedule), and PECT is our
SCOJO-PECT time-sharing scheduler:

R(C,PECT) < R(C,Conly) * T/T(C) < R(C, Prio) * T/T(C) and

maxR(C, PECT) < maxR(C,Conly) « T/T(C) < maxR(C, Prio) « T/T(C)

The second part of the inequality is obvious: scheduling only jobs of the same
class must perform better than a mix with other jobs which may delay jobs of
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C. The first part of the inequality considers that our time-sharing scheduler only
allocates certain time intervals to the job class C. The time R(C, PECT) may
be lower than adjustment by the corresponding factor because we may be able to
safely backfill into the other slices (gaining additional runtime) and better filling
options may arise if stretching the scheduling time by time slices. However, if we
apply EASY scheduling, occasionally new opportunities may arise to push back
jobs which may affect the response times of C' negatively.

Larger time intervals for C' do not necessarily provide better response times
because few or no jobs of the class may be available at certain times. Better pack-
ing may be accomplished if letting jobs queue up a little (giving more choices).

4 Experimental Evaluation

4.1 Experimental Setup

We have used the Lublin-Feitelson model [6] for the workload generation and
traces from the Feitelson Workload Archive [3]. The Lublin-Feitelson model is
a complex statistical workload description, derived from real traces and con-
sidering job sizes, job runtimes, and job interarrival times. The model includes
correlations between sizes and runtimes, fractions of sequential jobs, fractions
of power-of-two sizes, and differing inter-arrival times according to day/night-
cycles. The model can be adjusted to different machine sizes. For details of the
workload parameters, see Table [l We have slightly modified the interarrival
times and changed the a parameter from 10.23 to 10.33. This change reduces
the average work creation related to available resources from 91% to 84%. The
reasons are explained below. The selected real traces are SDSC SP2 1998 and
SDSC Blue 2000 (in both cases, the first 10,000 jobs of the cleaned version).
Statistics of the workload as obtained with these settings are included in Table
[ What is interesting to observe from the workload characteristics is that though
the number of short jobs is very high, the work of the short jobs is < 1%. The
different workloads have different characteristics: Lublin-Feitelson has the high-
est percentage of medium-job work. We currently schedule with the knowledge
of actual runtimes.

Table 1. Workload parameters and workload statistics

Lublin-Feitelson SDSC SP2 SDSC Blue

Machine size 128 128 1152
Number of jobs 10,000 10,000 10,000
Nshort 63.7% 40.9% 73.75%
Nedium 19.3% 35.1% 17.7%
Niong 17.0% 24.0% 8.5%
Workshort 0.5% 0.2% 1.0%
Workmedium — 26.5% 3. 7% 15.0%

Workiong 73.5% 96.1% 84.0%
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Table 2. Scheduler parameters

Parameter Value

Interval 30 min and 60 min

Job classes supported short, medium, long

Classification short jobs runtime < 10 min

Classification medium jobs 10 min sec < runtime < 3 hours

Classification long jobs runtime > 3 hours

Classification narrow jobs size < 10% machine size

Classification medium-size jobs 10% machine size < size < 50% machine size

Classification wide jobs size > 50% machine size

Bound 15 min

Switch overhead 6 sec and 60 sec

Medium jobs’ daily shares 28% over night, 44% over day

Weights, past window A =2,B=0.81,m = 6, window is 24 hours
—Axy 0. B"=1

We compared our job scheduler (PECT) to the standard priority schedul-
ing (Prio). In both cases, EASY backfilling was applied. We evaluated response
times, bounded slowdowns (response times relative to runtimes with a bound for
very short jobs), and utilization. For scheduler parameters, see Table 2l We also
tested sensitivity to the scheduling overhead and to the interval time. Further-
more, we explored the effectiveness of different optimizations in the scheduler.
Thus, we tested 30 minute intervals with 6 sec switching overhead and all op-
timizations except merging (PECT 30), 60 min intervals with 60 sec switching
overhead and all optimizations except merging (PECT 60), and 60 minute inter-
vals with 60 sec switching overhead without backfilling on non-type jobs (PECT
60N). Additionally, we checked 60 min intervals with 6 sec overhead and merging
but do not show the corresponding data in detail.

Summing up the work created by the overall workload and considering the
average statistical parameters from the Lublin-Feitelson model regarding the
distribution over different time intervals, we obtained the medium shares as
shown in Fig. 1. These shares would provide optimum resources to the medium
jobs created in this time interval. However, these shares did not provide the
best results as actual creation rates show peaks and significant ups and downs.

0.5

0.4

0.3
0.2

0 T

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45

Fig. 3. Shares required to optimally support medium jobs (work created per time
interval and corresponding resource share required to schedule this work with 90%
utilization of the share)
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Fig.4. Average response times (top) and average slowdowns (bottom) for Lublin-
Feitelson workload. Results are shown for the different job classes short, medium, and
long, for the different sizes narrow (N), medium-size (MZ), wide (W), and all (A), and
for different scheduler configurations.

We have obtained better results with shares set higher than the actual usage
percentages (cf. Table ().

4.2 Experimental Results

Results for response times and bounded slowdowns are shown in Fig. @ and
Fig. Bl If applying the non-type backfilling optimization, the PECT scheduler
served medium and short jobs very well regarding overall response times in most
cases and regarding relative response times in all cases. Looking into details for
PECT 60 and the Lublin-Feitelson workload, average response times improved
by 23% vs. priority scheduling and bounded slowdowns by 84%. This is similar to
the results we obtained in [14] for gang scheduling (27% improvement in response
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Fig. 5. Average response times (top) and average slowdowns (bottom) for SDSC SP2
(left) and SDSC Blue (right) workload. Results are shown for the different job classes
short, medium, and long, for the different sizes narrow (N), medium-size (MZ), wide
(W), and all (A)

times and 84% in bounded slowdowns). For the Blue workload, response times
decreased by 33% and relative response times by 77%. The SP2 workload looks
a little worse: response times increased by 15% but the relative response times
again decreased by 78%.

Consistently all results show that short and medium were served very well.
Short jobs were served on average within 1/3 of the time interval, and their
maximum response times were 3h 53min (Lublin-Feitelson), 5h 40min (SP2),
and 2h 13min (Blue). Wallclock runtimes of medium jobs were increased by
about a factor of 2.7 in all size classes (because of the time slicing) but wait
times significantly reduced (all medium wait times are reduced by 80%), with
most reduction for wide medium jobs. However, long jobs currently suffer (due
to overall 1.5 times longer wait times), especially long wide jobs. To some ex-
tent, longer response times for long jobs are expected because long jobs get less
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Fig. 6. Daily utilization (left) and daily slice times (right) as average over the whole
workload execution

machine share over the day. Since in the SP2 workload long jobs dominate, this
explains why the average response times slightly decreased.

For the Lublin-Feitelson workload, we compared using/not using the non-type
backfilling optimization. We find that the non-type backfilling optimization cut
overall average response times 27% and improved especially results for short and
medium jobs. Thus, this is an important optimization. If comparing different
time intervals/overheads, 30 min intervals improved overall average response
times by 11%, mostly due to improvement for short jobs. This is obvious as they
have now a chance every 30 minutes to be scheduled. Otherwise, the difference
was not too significant, i.e. higher overheads worked reasonably well. Checking
the number of switches, we found that about 2/3 of the possible switches took
place. If looking at the response times over the day, PECT gave medium jobs
consistently good service (average response times varied only by 26%), whereas
the priority scheduler showed a variation of 62%.

Tests showed that using smart node selection and merging medium/long slices
(under certain conditions) did not provide any additional benefit (the results
are almost the same). If the utilization is high, there is a low chance that smart
node selection can help; if the utilization is low, apparently there are not many
potential conflicts arising anyway. Regarding merging, backfilling with non-type
jobs apparently mimics merging very effectively. We can keep jobs running over
several slices of different types (our overhead estimation is therefore pessimistic
as on the corresponding nodes, no swapping is necessary ), i.e. can say we perform
partial slicing for jobs with node conflicts.

Our scheduling approach was capable of maintaining a high utilization: 85.92%
with our PECT 30 scheduler and 84.1% for our PECT 60 vs. 88.96% with priority
scheduling, i.e. the reduction in utilization was only 3% to 5%. Fig. Bl shows that
utilization is consistently high over the whole day and that the share control is
effective, reducing the utilization of different job classes at different times of the
day, while keeping the machine busy.
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Fig. 7. Average work in waiting queue over makespan, logarithmic scale

Fig. [ demonstrates that there are ups and downs in the waiting-queues but
that no back logging occurs with the current workload settings, i.e. the scheduler
is able to keep up with the work generated.

Finally, we have run the scheduler (PECT 30) with a different fine-tuning
of the share control. We gave medium jobs the maximum share if the medium
workload is high and compare the past usage to the overall averages rather than
to the shares set by the scheduler. The medium jobs were served significantly
better though at the expense of increasing response times for long jobs. The
utilization was 82.2%, i.e. slightly decreased by 3.7%. This means we have a
tradeoff between serving medium jobs well and keeping decent response times
for long jobs and a good utilization.

5 Summary

We have presented a job-scheduling approach which employs coarse-grain time
slicing by suspension to disk and explicit control over how much time share is
allocated to different job classes over the day. Such time slicing is more feasible
than checkpointing and easier to handle than individual job preemption if the job
allocation situation is complex (many jobs to be preempted with very different
runtimes). The approach improves overall average response times and average
bounded slowdowns, to a similar extent as gang scheduling, and serves especially
short and medium jobs well. In future work, we intend to improve our approach
by special handling of wide long-running jobs and a combination of time slicing
with individual job preemption.
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Abstract. Although common sense says that all nodes of a cluster
should behave identically since they consist of exactly the same hardware
parts and are running the same software, experience tells otherwise.

We present a collection of programs and tools that were gathered over
several years during various cluster installations at different sites with
clusters from various vendors. The collection contains programs to check
for the setup, functionality, and performance of clusters. Components like
CPU, memory, disk, network, MPI and file system are checked. Together
with the short description of the tools we describe our experiences using
them.

1 Introduction

Cluster like systems are in wide use today. This is mainly due to the good
price/performance ratio they offer, but also due to the flexibility achieved by
combining and selecting from a wide range of components of the shelf (COTS).
Since the introduction of the concept in the 90s [II2] at lot of work has been
published how to create and operate such systems [3J4]. Whole collection of
tools [B] or complete distributions [6] for clusters have been created. Standard
HPC benchmarks can be applied to a cluster if they are suitable for distributed
memory machines. Examples are Linpack [7], the NAS Parallel Benchmarks [8/[9]
and the HPC Challenge benchmark [I0]. Acceptance tests used in procurements
often comprise micro-benchmarks, standard HPC benchmarks, and different ap-
plications from the end users of the system. Despite the wide use of clusters there
seems to be a lack of a collection of standard methods, software and tools to help
testing a cluster installation from the bottom up. Such a collection would not
only help to demonstrate the functionality and performance of a cluster, but also
help to identify the cause if the cluster does not work as expected. In this paper
we describe the collection of benchmark, programs and tools that we used dur-
ing the installation, acceptance and early production phase of our latest cluster
installation.

R. Perrott et al. (Eds.): HPCC 2007, LNCS 4782, pp. 44 2007.
© Springer-Verlag Berlin Heidelberg 2007
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The next sections briefly describes the cluster that recently was installed at
the Center of Information Services and High Performance Computing in Dres-
den. Although the experiences hold for any larger cluster installation, it should
set the expectations and provide some background information about the used
technology. Section [ describes the tests that were used to check the correct
configuration of the installed cluster and functionality of various software com-
ponents. The following sections describe test and benchmarks in a bottom-up
approach: First, we describe different component tests, afterwards tests for the
complete node, followed by cluster wide tests.

2 Description of the Cluster Environment

The tests and experiences described within this paper have been collected during
several installations (and most probably will keep growing with future installa-
tions as well). We limit the system description to the most recent and major
installation. It is a cluster with 728 nodes with a total of 2592 cores. The nodes
are a mixtures of single, dual and quad CPU systems with dual core AMD
Opteron 2.6 GHz CPUs. Two Infiniband interconnects (running OFED1.0) are
installed, one for message passing with MPI, the other for I/O. The filesystem is
Lustre (currently in Version 1.4.10). Two MDS and eight OSS act as file servers.
The operating system is SLES 10. For the basic cluster installation, maintenance,
and operation the tools delivered by Linux Networx are used. With a revision
controlled network installation (Clusterworx), remote power management and
serial console access (Icebox, powerman, and conman), OS independent tem-
perature and system monitoring (Icecards), and the BIOS settings and version
control offered by LinuxBios [II] the installation can be considered state of
the art.

3 Functionality Tests

Before more extensive tests can be performed the basic operation and configu-
ration of the system has to be checked. With hundreds of nodes the tests have
to rely on a correctly working batch- and execution environment.

3.1 Execution Environment

With the large number of nodes you need an automated test to check that the
system configuration conforms to the contract. Important items include memory
and disc capacity on all nodes, and CPU speed.

A collection of simple scripts are sufficient to check that the execution envi-
ronment is identical on all nodes. This should hold for the interactive sessions on
the different login nodes, but also for the batch environment. The execution en-
vironment consists of the shell environment and shell limits. A synchronized and
correct time is another aspect. Last but not least, all nodes should have the same
BIOS version and settings. Sources of informations are the output command of
standard unix commands like 1limit and env as well as the proc file system.
The BIOS settings are gathered with the cmos_util command from LinuxBios.
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3.2 MPI Conformance

Since the dominant programming model on a cluster is message passing using
MPI, a working MPI is one of the most important contributions to a cluster.
Most open source implementations like Open MPI [12] or MPICH [13] include a
test suite. However, to extract them for use outside of their suite is cumbersome.
They also tend to check for specific properties of the implementation rather than
MPI standard conformance. We decided to use a test program [I4] that is easy
to use, yet provides a good coverage of the MPI standard and also checks for
MPI-2 features.

3.3 OpenMP Conformance

With the introduction of multi-core CPUs the typical number of cores found in
a cluster node is increasing. Therefore OpenMP gains importance, either as a
standalone solution or in combination with MPI. The availability of various com-
pilers for Fortran and C/C++ raises the need to verify the support for OpenMP
in its latest flavor (version 2.5). Since OpenMP has much fewer constructs there
is a freely available test suite that provides good coverage of all language fea-

tures [I5].

3.4 Batch System Functionality

Unless a cluster is used only by a small group of users, a batch system environ-
ment is an absolute necessity. The batch system should be capable of dispatching
sequential, OpenMP, and MPI jobs — especially, running MPI jobs so that they
use exactly the nodes and CPU cores they were assigned to. It should be clear
that a fully functional batch system should also take care of job cleanup and ac-
counting. For testing these functions of the batch system the MPI and OpenMP
tests previously mentioned were used. Additionally, a large number of dummy
jobs were used to test maximum submission rates and maximum job throughput.

4 Node Component Tests

With the functionality tests described above it is now guaranteed that it is
possible to compile and execute serial and parallel programs using MPI and/or
OpenMP via the batch system. This is the pre-condition to execute the following
tests on the system.

4.1 Memory

In addition to the correct amount of memory each node should deliver the ex-
pected memory bandwidth. Benchmarks like stream|[I6] provide well accepted
numbers for the streaming performance of the memory system. In addition, the
memory system must not produce any non-correctable bit errors or an exceeding
number of single bit errors. We wrote a test program that exercises the mem-
ory by writing, reading and verifying random bit patterns to and from memory.
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Together with the error detection and correction (EDAC/bluesmoke) tools from
the Linux kernel it will detect dysfunctional memory. The program takes the
amount of memory and total runtime as an argument and reports any errors
to stderr. On servers with ECC it should not report any errors, because they
should be caught and reported by the kernel. However, in the past we observed
one server where two bit errors were silently produced and thus observed by this
program.

4.2 Disk

The performance of local discs can be measured with programs like bonnie[I7].
It is again important to measure the result on each node, Fig. [[lshows the result
on a system that had a problem with slow disks. In this case, the major cause
was vibrations caused by a bad charge of fans and insufficient insulation of the
discs.
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Fig. 1. Disk performance across all nodes of a large cluster. The distribution is unusu-
ally wide, ranging from 1 MB/s to 55 MB/s.

5 Node Tests

The best way to test the complete node and not just single components is to
run various applications. The results should be checked for correctness and the
performance of each node should be checked. We decided to use the SPEC.
OMPM2001 benchmarks [I8/T9]. SPEC OMPM2001 focuses on systems with
less than 16 cores. Since OMPL2001 is based on OpenMP, this benchmark suite
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Fig. 2. Runtime distribution of two application across all nodes of a cluster. The appli-
cation on the top has an almost identical runtime on all nodes, a different application
on the bottom shows huge variation of the execution time.

is very suitable for todays cluster nodes. The suite consists of 11 applications
written in C and Fortran. The result of the program is validated for correctness.
This makes it a perfect candidate to check the build and runtime execution
environment. Again, we submitted the benchmark to all nodes in the system.
Since we had three different node types and 11 application this resulted in 33
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histograms, where each outlier had to be identified and the cause of the problem
isolated.

Fig. 2l shows how important it is to run a range of applications on a cluster.
With one application there is no indication of problems, however, with another
there are nodes that perform significantly worse than others. In this case, it was
an undocumented difference in two BIOS versions that caused some applications
to run slower.

6 Interconnect and Cluster Tests

After the nodes demonstrated to work properly the final tests can focus on the
overall system. Important issues are the interconnect as well as the global file
system. Parallel application tests are not covered here.

6.1 Point to Point Measurements

The two major performance criteria for an interconnect are latency and band-
width between two nodes. Often minimum requirements for these values are fixed
in the contract and measured during acceptance. We used an application where
both values were not simply measured between a pair of nodes, but the result
of every possible pair was measured. Originally designed to visualize hierarchies
of interconnects it demonstrated its value to clean up and debug networks. Po-
tential problems include broken or misplaced cables, host channel adapters that
did not run at full PCI speed or Infiniband connections that did run at 1X speed
instead of 4X. Additionally a test like this produces a very detailed layout of
the interconnection network. Fig. Bl shows a visualization of the output. Having
good point-to-point connection is the key for the parallel tests done later.
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Fig. 3. Latency (in ms) and bandwidth (in MB/s) between pairs. The left pictures
shows the expected latency pattern of a system with a hierarchical switch infras-
tructure. On the right the bandwidth is measured. One of the hosts has a very low
bandwidth to all partners, caused by an IB HCA running on 1X instead of 4X.
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6.2 Filesystem

Parallel, distributed file systems are powerful and scalable, but also complex.
Also, today’s systems are often not simple stand alone installations, but em-
bedded in a larger infrastructure. This is also true for the system described in
section 2 It has an NFS gateway consisting of 16 NFS servers. NFS is done
using IP over IB, each NF'S server is a CXFS client. The CXFS Filesystem is 68
TB in size and serves an SGI Altix 4700 system with 2048 cores. The nodes on
the cluster can also access a HSM system (SUN STK8500) via the same gateway
using standard DMF commands like dmget. Altogether this resulted in an infras-
tructure were many different hard- and software components had to be checked
for functionality, reliability and performance.

We used various test programs in different settings to test the SAN and file
system infrastructure.

Stress Tests and Content Validation. A basic building block was a program
that wrote pseudo-random bit patterns to disk and verified the content in a
subsequent reading step. To create the bit patterns a pseudo-random number
generator (RNG) was used. Each file contains a small header were the seed of
the RNG is stored. The size and number of files written by the program can be
selected. Instead of fixing the number of files a total runtime can be provided.
This is especially useful during stress tests, when the load on the file system
and, thus, the run time can differ significantly from run to run. An MPI parallel
version of the code can be used for stress testing. Each process writes and reads
a file and acts as an independent client. By choosing small files the required
metadata rate can be increased and scenarios like many file in one file system or
folder can be tested.

A special version of the program was designed to run in an endless loop. All
even processes constantly write files, all odd processes verify the content after the
writer has finished. By placing odd and even processes on different nodes caching
problems are avoided even for small file sizes. Since data is constantly read
or written there is a high likelihood that transient errors or incorrect handled
interrupts in the SAN are detected.

Flexible Benchmark and Test Environment. Lots of tests on the filesys-
tems for the HRSK complex have been done using a flexible I/O benchmark,
designed and developed at ZIH. There have been two main objectives that this
framework should fulfill. First of all, we wanted this benchmark to imitate any
given applications I/O behavior and second, it should be able to perform any
artificial I/0 load.

The project is divided into three sections. The main component is an execution
layer that is traversing a list of I/O commands and executing the appropriate
I/0O calls. The list of commands is generated from an XML file. Main part of
this file are XML tags that cause the main program to call libc I/O functions.
Around those XML tags other tags are placed that allow to define repetitions
and arbitrary patterns. As applications often read a lot of data from files that



Quality Assurance for Clusters: Acceptance-, Stress-, and Burn-In Tests 51

were already present at the start of the program, we included a concept called
file pools. The file pools allow us to create/read/write/unlink files on different
directory structures.

The last part within this software is the analysis backend. Each I/O call is
reported to the backend and can either be processed or ignored. Processing can
include any action within the backend, as the backend itself is a C++ class.
Ignoring an I/0 call within the backend will cause no overhead within the main
code. Evaluations done in the backend can be either on time (during the run)
or after the benchmark.

7 Summary and Conclusion

We described a set of tests that we used to check components like CPU, mem-
ory, disk, network, MPI and filesystem of a cluster. Each test found at least
one issue in at least one cluster installation and contributed to the quality of
this specific installation. Despite the fact that all clusters had the technology to
provide completely identical nodes, it turned out to be extremely important to
run the node component and node tests on all nodes. Histograms of the results
highlighted problems and pointed in the direction of the root cause. For a gen-
eral purpose cluster it was necessary to run a large number of applications, since
sometimes only a small subset of applications had a problem. Techniques like
a revision controlled network installation, remote power management and com-
plete control over BIOS settings were essential to analyze, isolate and remove the
detected problems. Finally we also conclude that a smoothly running cluster is
less a hard- and software issue, but a question of system integration. Integration
is not only needed for the system components, but also into the environment
were the cluster is operated.
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Abstract. RWAPI is a low-level communication interface designed for clusters
of PCs. It has been developed to provide performance to higher applications on
a wide variety of architectures. We implemented RWAPI on top of the modular
software architecture called GRWA. RWAPI supports Ethernet, InfiniBand and
Myrinet network interconnects. This paper introduces RWAPI and the design of
its network component on top of both InfiniBand and Myrinet interconnects. We
obtained a very low latency and high throughput compared to MPI results.

1 Introduction

High-speed network interconnects that offer low latency and high bandwidth have been
one of the main reasons attributed to the success of commodity cluster systems. Some
of the leading high-speed networking interconnects include Gigabit-Ethernet, Infini-
Band [I], Myrinet [2] and Quadrics [3]. Two common features shared by these inter-
connects are User-level networking and Direct Memory Access (DMA). The best suited
communication protocols that use efficiently these new features are one-sided proto-
cols. It means that the completion of a send (resp. receive) operation does not require
the intervention of the receiver (resp. sender) process to take a complementary action.
RDMA should be used to copy data to (from) the remote user space directly. Suppose
that the receiver process has allocated a buffer to hold incoming data and the sender
has allocated a send buffer. Prior to the data transfer, the receiver must have sent its
buffer address to the sender. Once the sender owns the destination address, it initiates
a direct-deposit data sending. This task does not interfere with the receiver process. On
the receiver side, it keeps on doing computation tasks, testing if new messages have
arrived, or blocking until an incoming message event arises.

At the network layer, many manufacturers have built RDMA features that ease the
implementation of one-sided paradigms. For example, the HSL [4] network uses the
PCI-Direct Deposit Component (PCI-DDC) [3]] to offer a message-passing multipro-
cessor architecture based on a one-sided protocol. InfiniBand [[]] and Quadrics [3] pro-
poses native one-sided communications. Myrinet [26] and QNIX [7] do not provide
native one-sided communications. But these features may be added (as for example in
GM [8] with Myrinet since Myrinet NICs are programmable).

In the past, remote-write has been implemented in generic message-passing libraries
like MPI-2 [9]] or dedicated message-passing libraries like the PUT interface
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for MPC-OS, PAPI [12]. However, these implementations were dedicated to a given
interconnect and no effort has been made to provide a generic or minimalist API to
the remote-write. Gas-Net and MP_Lite provide one-sided communication
primitives but without any associated programming model. In this context, we defined
RWAPI [13]] (the Remote-Write API) as a generic and minimalist API for the remote-
write and GRWA (the Global Remote-Write Architecture) which aims at providing a
set of independent modules to implement RWAPI on top of any interconnects, any
CPU models... This articles describes our implementations of RWAPI for both Myrinet
and InfiniBand interconnects and compares performance with other available message-
passing libraries (especially MPI).

The document is organized as follows: first we introduce RWAPI [[16]; section 3] de-
velops the implementation of RWAPI for Myrinet and InfiniBand; section ] describes
the performance benchmark; the last section before the conclusion provides some per-
formance measurements.

2 RWAPI

A previous study of both hardware and software requirements for high-speed
network protocols has led to design the Remote Write protocol. Remote Write is a
one-sided communication protocol based on the remote write primitive. It requires the
sender of a message to provide all the information needed to copy a contiguous memory
area from one node to another node.

RWAPI (which stands for Remote-Write Application Programming Interface) is a
lightweight interface designed to provide a single remote-write primitive. The goal we
are trying to achieve is to provide the smallest set of functions that enables to write any
parallel programs. This way, we expect to achieve the best performance for commu-
nications while requiring as less development as possible to port our interface to new
architectures.

There are two kinds of messages in RWAPI. The first message type requires the
destination node identification, both local and remote addresses and the size of the
message. Messages in this case can be of any length. The second message type just
requires the destination node identification and the message content; the size is limited
to 16 bytes. They may be helpfully used to transfer small amounts of information of any
kind from one node to another. However, even if they are not limited to this specific use,
they are especially useful to exchange addresses before the other message type transfers
can occur.

The API is as follows:

— int rwapi_init ( int, char ** ) must be called before any other RWAPI functions in
order to set up the communication interface.

— int rwapi_finalize () should be called after all RWAPI functions and before exiting
the program. This function ensures that all FIFOs are flushed before leaving.

— int rwapi_rank () returns the rank of the local node in the virtual parallel machine.

— int rwapi_size ( ) returns the number of nodes in the virtual machine.

— void * rwapi_alloc ( size, net * ) allocates a contiguous memory block of the given
size. If the underlying network interface requires the use of contiguous physical
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memory, it is attached to the application transparently. The value returned by this
function is the virtual address in the virtual address space of the process where the
contiguous memory block has been attached. The second parameter is the address
where the “network™ address will be stored when returning from the function. This
address is the one that must be used for sending data.

— int rwapi_free ( void * ) deallocates the memory area provided as a parameter.

— int rwapi_send ( node, small ) sends a small message to another node. The value
returned by this function is an error code.

— int rwapi_receive ( node *, small * ) returns information about the oldest incom-
ming message that has not been taken into account yet. The value returned by the
function is O if there is no message pending and 1 if a message has been taken into
account. In this case, the node and the small message are stored at the addresses
provided as parameters.

— sid rwapi_write ( node, net, net, size ) sends an arbitrary-long message to another.
Both local and remote “network”™ addresses must be provided together with the size
of the message. The Send ID (SID) returned by the function can be latter used
in order to determine if the message as been sent or not (this is useful to reuse a
memory area).

— int rwapi_issent ( sid ) checks wether the message identified by the SID has been
sent or not.

Note that, rwapi_write, rwapi_send, rwapi_issent and rwapi_receive are non blocking
functions.

3 Implementation Details

In order to launch application’s processes according to the SPMD model, we use an
SSH-based spawner which creates a master process on the current host and one process
on each host provided as an argument. Then, each process can communicate with the
master to get information such as the process rank, the number of processes, the appli-
cation’s arguments and other control informations. Then, processes perform collective
operations on top of socket-based connections to initialize and finalize the application
transparently to the user.

To maintain the non-blocking semantic of RWAPI operations (rwapi_send, rwapi_
write, rwapi_receive, and rwapi_issent), we used a host memory receive list (HMRL).
Thus, when a receive message event arises while the process is not waiting for mes-
sages, the interface copies the content of the message event in the HMRL. Note that
message events do not contain user data except those corresponding to rwapi_send op-
erations. In this case, the length of the user data is limited to 128 bits and thus a copy
of this message is not expensive.

RWAPI over Myrinet Interconnect: There are many ways to implement the Remote-
Write protocol on top of Myrinet. One solution would be a native implementation which
would consist in developing a new MCP, a new kernel driver and a new user library. This
solution is under development and good performance are expected. However, this would
not be portable since an MCP should be provided for every network card version. To



56 0. Ben Fredj and E. Renault

overcome this limitation, we developed the Remote-Write protocol on top of GM. This
way, RWAPI is automatically available for all architectures and NIC versions that GM
Supports.

In order to associate a process rank to its GM ID, processes perform an exchange of
GM IDs using the exchange operation set up by the spawner’s master process.

The rwapi_send function insures that GM is ready to send messages before call-
ing the gm_send_to_peer_with_callback function. The later function is the fastest send
function provided by GM since it uses the same port number as the sender at the re-
ceiver side. We set up GM to copy the data in the send descriptor to avoid an expensive
DMA operation performed by the MCP to copy data from the host memory to the NIC
memory. We also use Write-Combining feature instead of PIO or DMA to copy the
send descriptor from the host memory to the NIC memory. This feature combines many
PIO operations and is adapted to medium message size.

Similar to the rwapi_send function, the rwapi_write function insures that GM is
ready to send messages before calling the gm_put function. The gm_put function is
suited to the remote-write paradigm since it garantees the minimum number of copies
while transferring the data. Indeed, it copies the data from the host memory directly to
the NIC memory without any system calls.

RWAPI over InfiniBand Interconnect: RWAPI uses the SSH-based spawner to
launch processes in both InfiniBand-based and a Myrinet-based clusters. The first step
of the initialization is the creation of a bidirectional channel between each pair of pro-
cesses. The InfiniBand mechanism that allows the creation of such a channel is the QP
(Queue Pair). Each QP is configured for a particular type of service independent from
the other. These service types provide different levels of service and different error re-
covery characteristics. The available transport service types include: Reliable Connec-
tion (RC), Unreliable Connection (UD), Reliable Datagram (RD), Unreliable Datagram
(UD) and Raw. The transport type used is RC which provides the highest level of reli-
ability and predictability. RC requires for each process an explicit connection with all
other processes. Thus, (N — 1) QPs (N being the number of processes in the parallel
application) are created by each process.

The second step of the initialization sets up the size of the different comunication
queues for each QP, including the send queue (SQ), the receive queue (RQ), the send
completion queue (SCQ), and the receive completion queue (RCQ). This step finishes
by creating a local process ID (LID) and (N — 1) QP IDs. These IDs are broadcasted
to the other processes in order to build the channels between local and remote QP.

4 Performance Benchmark and Testbeds

We compared our implementation with the version of MPI, the other existing library
available for both Myrinet-2000 Technology (developed on top of GM) and InfiniBand
interconnect (developed on top of VAPI [17]]). For both MPI and RWAPI we devel-
oped our own benchmarks. We use three separate benchmarks (see figure [I)). The first
benchmark (figure [T(a)) is the classic ping-pong in which a message can only be sent
once the previous one has been received. The second one (figure[I(b)) is a bidirectional
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Fig. 1. Performance benchmarks

ping-pong which is used to highlight the capability of a library to take benefits of bidi-
rectional links. The last benchmark (figure[I(C)) is the burst which aims at sending as
many messages as possible regardless they have been received or not by the counter
part.

The measurement protocol is as follows: for each message size, each benchmark is
run ten times. The duration of a run is one minute (this ensures a high consistency in
results and we have determined that all confidence intervals are greater than or equal
to 90%). The system time is registered before the first message is sent (1) and after
the last message is received on the same node (¢3). Let the elapsed time ¢ be the time
difference between both. For a given run, let s be the size of messages and n be the
number of effectively transmitted messages.

Let the end-to-end latency L (in the following we use the term latency) be the ratio
between the elapsed time ¢ and the number of effectively transmitted messages n. And
let the user throughput 7" (in the following we use the term throughput) be the ratio
between the amount of data (number of effectively transmitted messages times the size
of a message) and the elapsed time.

t =12 —11 L=— T =

Since the performance for both RWAPI and MPI are almost the same for messages
size greater than or equal to 1 MB, we do not include data for larger messages.

Our Myrinet-based cluster is POETS, one of the clusters of the Institut National
des Télécommunications. POETS is composed of eight nodes connected using both
a Myrinet interconnection network for data and a Gigabit Ethernet interconnect as a
control network. Myrinet adaptors are 133-MHz LANai-9 (M3S-PCI64B) with a PCI
connector. The host adaptor is equipped with 2 MB of memory. The firmware used
for testing was GM 2.0.9. Apart from GM, the port of MPICH on top of GM called
MPICH-GM version 1.2.6..14b for Linux x86 was also installed. Each node includes
a 800-MHz Intel Pentium III processor with 1.2 GB of memory. The front-end of the
cluster is an extra node with almost the same characteristics except that it includes no
Myrinet NIC.
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The InfiniBand-based cluster is MUSES. It is composed of 16 nodes connected using
both an InfiniBand 4 x interconnection network for data and a Gigabit Ethernet inter-
connection network as a control network. Each node includes a 1.8-GHz AMD Opteron
processor with a 1-MB cache and 2 GB of memory. For mass storage, each node is as-
sociated a 40-GB IDE hard drive, except for the first node (the front-end node) which
is associated a 80-GB IDE hard drive; note that users accounts are stored on the front-
end. We compared our implementation with two other existing libraries on top of the
InfiniBand Technology: VAPI [17]], the native interface available on top of InfiniBand,
and MPICH developed on top of VAPI for InfiniBand.

The MPI benchmark uses the send/receive primitives instead of put with both Mpich-
GM and Mpich-VAPI. Send/receive is based on the rendez-vous model which requires
that the receive request should be posted before the send request. Otherwise, a blocking
wait or a message buffering is performed on the receiver side. Moreover, the eager-
message size is kept to the default value. Finally, the RWAPI benchmark and the MPI
benchmark use the same buffer for all the iterations of the communications which al-
lows that the memory pages are pinned only one time.

5 Performance Analysis

Figure 2] presents the latency of RWAPI-GM and MPI-GM for various message sizes.
Note that for readability reasons, a logarithmic scale have been used for latency curves.
All these graphs highlight that, in the general case, performance with RWAPI are usu-
ally better than those with MPI. Exceptions are for the One-Way benchmark for mes-
sages which size ranges from 1 kB to 16 kB and for the Round-Trip benchmark for
messages which size ranges from 4 bytes to 64 bytes. This may be due to the fact that
MPI is using Write-Combining to copy data from the host memory to the NIC memory
for small messages avoiding the overhead of the DMA start-up. Regarding the latency,
an interesting result is that for the Round-Trip benchmark (see figure 2(a)), the mini-
mum latency for RWAPI is as low as 5.1 ps. As a comparison, the minimum latency for
MPIL is 7.9 ps and is achieved using the Bidirectional Round-Trip (see figure 2(b).

Figure 3] shows the throughput of RWAPI and MPI for various message sizes. All
these graphs highlight that, in the general case, performance with RWAPI are usually
better than those with MPI.

These graphs are highlighting three very important results. First, RWAPI is able to
achieve a maximum throughput of up to 1.78 Gb/s for large messages (see figure 3(a)]
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and figure 3(b)|for Round-Trip and Bidirectional Round-Trip benchmarks respectively).
As a comparison, the maximum throughput provided by MPI is 1.62 Gb/s. This means
that MPI cannot offer more than 91% of the maximum throughput offerred by RWAPI.
In other words, RWAPI is able to deliver large messages 9.8% faster than MPI (in fact,
this is not highlighted with latency graphs on figure Plas a logarithmic scale is used for
messages larger than 1 kB).

RWAPI provides a larger part of the bandwidth for smaller messages than MPI. Typ-
ically, RWAPI is able to achieve 90% of the maximum throughput for 32-kB messages
as MPI requires messages of 256 kB to do the same.

With InfiniBand libraries, in a general way, figure[§]and figure Hlshow that RWAPI-
VAPI performance are always better than MPI-VAPI performance. More specifically,
the maximum ratio between the minimum latency achieved by RWAPI and the mini-
mum latency achieved by MPI is up to 5.5 x for small messages (ie. 1.76 us for RWAPI
and 9.71 us for MPI using the one-way benchmark).



60 0. Ben Fredj and E. Renault

Both RWAPI and MPI are able to achieve the maximum user throughput for long
messages. However, RWAPI is able to provide this maximum user throughput for mes-
sages as short as 4 kB while MPI cannot do the same for messages smaller than few
hundreds kilo-bytes.

Finally, the curves on figure[§ and figure M show that there is an important difference
in the management of short and long messages for MPI represented with a knee between
1 and 2 kB.

6 Conclusion

A previous study led us to design our own implementation of the remote write. In this
paper, we have presented the design and implementation of RWAPI over Myrinet-2000
and InfiniBand Interconnects. This design takes full advantages of the network hard-
ware such as OS-Bypass and RDMA, thus eliminating the involvement of the operating
system and the receive process. In addition, it allows the overlap between communica-
tions and computations.

To decrease the latency of small messages, we used the Programmed-I1O facility
instead of RDMA to copy data to the network card, removing one long-startup-time
DMA transaction.

RWAPI over Myrinet achieves a low latency of 5.1 us and a high user through-
put of 2.43 Gb/s even for relatively short messages (2.26 Gb/s is available for 32-kB
messages). On the same platform, the lowest latency provided by MPI is 7.9 us and
the maximum user throughput provided by MPI represents 90% of the maximum user
throughput provided by RWAPI (this means that message transfer with RWAPI is up to
9.8% faster than with MPI).

RWAPI over InfiniBand design can achieve a low latency (about 1.76 us) and a high
user throughput (more than 6.3 Gb/s, ie the maximum user bandwidth) even for short
messages. As a comparison, the lowest latency provided by MPI over the same platform
is 4.96 us and the maximum user throughput cannot be achieved for messages smaller
than several hundreds of kilo-bytes.

Note that the lowest InfiniBand communication layer (VAPI) let the user choose
between producing events for transfer operation completion or not. This does not suit
RWAPI as disabling events does not allow the user to be informed about the completion
of the send and enabling events adds an extra overhead due to the unnecessary receive
completions.

Currently, RWAPI uses RC as the type of service with InfiniBand packet manage-
ment. RC requires a connection between each remote HCA and thus consumes much
HCA memory resources. Consumed memory is mainly used to store data reassembly
informations for each connection. To achieve better scalability, we are working on ap-
plying the RD type of service which bypasses any connection management and main-
tains a reliable communication.

As a short-term, we have planned to optimize the rwapi_write operation by using
either PIO, Write-Combining or DMA to copy user data from the host memory to the
NIC memory; PIO operations for very small messages, Write-combining for medium
messages and DMA for large messages since it involves an expensive start-up overhead.
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As a mid-term, we have planned to implement another version of RWAPI which can

run simultaneously over heterogeneous architectures composed of different network
types and different machine characteristics.
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Abstract. The aggregation of objectives in multiple criteria program-
ming is one of the simplest and widely used approach. But it is well
known that these techniques sometimes fail in different aspects for deter-
mining the Pareto frontier. This paper proposes a new line search based
approach for multicriteria optimization. The objectives are aggregated
and the problem is transformed into a single objective optimization prob-
lem. Then the line search method is applied and an approximate efficient
point is lacated. Once the first Pareto solution is obtained, a simplified
version of the former one is used in the context of Pareto dominance to
obtain a set of efficient points, which will assure a thorough distribution
of solutions on the Pareto frontier. In the current form, the proposed
technique is well suitable for problems having multiple objectives (it is
not limited to bi-objective problems). the functions to be optimized must
be continuous twice differentiable. In order to assess the effectiveness of
this approach, some experiments were performed and compared with
two recent well known population-based metaheuristics ParEGO [8] and
NSGA 1II [2]. When compared to ParEGO and NSGA II, the proposed
approach not only assures a better convergence to the Pareto frontier but
also illustrates a good distribution of solutions. From a computational
point of view, of the line search converge within a short time (average
about 150 milliseconds) and the generation of well distributed solutions
on the Pareto frontier is also very fast (about 20 milliseconds). Apart
from this, the proposed technique is very simple, easy to implement and
use to solve multiobjective problems.

1 Introduction

The field of multicriteria programming abounds in methods for dealing with dif-
ferent kind of problems. Nevertheless, there is still space for new approaches,
which can better deal with some of the difficulties encountered by the previ-
ous approaches. There are two main classes of approaches suitable for multiob-
jective optimization: scalarization methods and nonscalarizing methods. These

R. Perrott ct al. (Eds.): HPCC 2007, LNCS 4782, pp. 62 2007.
© Springer-Verlag Berlin Heidelberg 2007



Hybrid Line Search for Multiobjective Optimization 63

approaches convert the Multiobjective Optimization Problem (MOP) into a Sin-
gle Objective Optimization Problem (SOP), a sequence of SOPs, or into an-
other MOP. There are several scalarization methods reported in the literature:
weighted sum approach, weighted ¢-th power approach, weighted quadratic ap-
proach, e-constraint approach, elastic constraint approach, Benson approach,
etc. are some of them [5]. Since the standard weighted sum encounters some
difficulties, several other methods have been proposed to overcome the major
drawbacks of this method. These include: Compromise Programming [4], Phys-
ical Programming [9], Normal Boundary Intersection (NBI) [1], and the Normal
Constraint (NC) [9] methods. There is also a huge amount of work reported on
population-based mataheuristics for MOP [5].

In this paper, we propose a new approach which uses a scalarization of the
objectives in a way similar to the weighted ¢-th power approach (where ¢ is 2
and the coefficients values are 1).

A line search based technique is used to obtain an efficient solution. Starting
with this solution, a set of efficient points are further generated, which are widely
distributed along the Pareto frontier using again a line search based method but
involving Pareto dominance relationship.

Empirical and graphical results and illustrations obtained by the proposed
approach are compared with two well known population based metaheuristics
namely ParEGO [8] and NSGA 1I [2].

2 Line Search Generator of Pareto Frontier

The line search [6] is a standard and well established optimization technique.
The standard line search technique is modified so that it is able to generate
the set of non-dominated solutions for a MOP. The approach proposed is called
Line search Generator of Pareto frontier (LGP) and it comprises of two phases:
first, the problem is transformed into a SOP and a solution is found using a
line search based approach. This is called as convergence phase. Second, a set
of Pareto solutions are generated starting with the solution obtained at the end
of convergence phase. This is called as spreading phase. The convergence and
spreading phases are described below.

Consider the MOP formulated as follows:

Let R™ and R™ be Euclidean vector spaces referred to as the decision space
and the objective space. Let X C R be a feasible set and let f be a vector-
valued objective function f: R™ — R™ composed of n real-valued objective
functions f=(f1, fo,..., fn), where fi: R™ — R, for k=1,2,..., n. A MOP is
given by:

min (fl(x), f2(x);~ ) fn(m))v

subject to x € X.
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2.1 Convergence Phase

The MOP is transformed into a SOP by aggregating the objectives using an
approach similar to the weighted ¢-th power approach. We consider t= 2 and
the values of weights equal to 1. The obtained SOP is:

min F = " f2(a)
i=1
subject to x € X.

As an important note, we would like to mention that the value 2 for ¢ works
fine if the objective functions are positive (which is the case of our experiments).
But if at least one objective function is negative, then an odd value (for instance
3) must me used for ¢. Any of these values (2 or 3) works fine for our examples
and will not influence the results.

A modified line search method is used to find the optimum of this problem.
The modification proposed in this paper for the standard line search technique
refers to direction and step setting and also the incorporation of a re-start pro-
cedure. To fine tune the performance, the first partial derivatives of the function
to optimize are also made use of. The proposed modifications refer to:

— the setting of the direction and step
— the re-starting of the line search method

After a given number of iterations, the process is restarted by reconsidering
other arbitrary starting point which is generated by taking into account the
result obtained at the end of previous set of iterations.

Direction and step setting. Initially, several experiments were performed in
order to set an adequate value for the direction. The standard value +1 or -1 was
used and for some functions the value -1 was favorable to obtain good perfor-
mance. Some experiments were also performed by setting the direction value as
being a random number between 0 and 1. It was found that the usage of random
number helped to obtain overall very good performance for the entire considered
test functions. But usage of the value -1 for direction, obtains almost the same
performance similar to that obtained with a random value. So, either of these
values (the random one and the value -1) may be used for better performance.

The step is set as follows:

Oék=2+22%r1 (1)

where k refers to the iteration number.

The modified line search technique is summarized as follows:

Line_search()

Set k=1 (Number of iterations)
Repeat
for i=1 to No of variables
pr=random; //or p=-1;
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3
O[k:2+2T+1

xf“ = xf + PE - Qg
endfor
if F(J?k+1 )>F($k) then 2Ftl=gy.
k=k+1

Until k=Number of iterations (a priori known).

Remarks

(i) The condition:
if F(zr+1)>F(xr) then iri=xx
allows to move to the new generated point only if there is an improvement
in the quality of the function.

(#i) Number of iterations for which line search is applied is apriori known and
is usually a small number. For the experiments reported in this paper, the
number of these iterations was set to 10.

(i) When restarting the line search method (after the insertion of the re-start
technique) the value of the iterations number starts again from 1 (this
should not be related to the value of « after the first set of iterations (and
after each of the following iterations)).

Several experiments were attempted to set a value for the step, starting with
random values (until a point is reached for which the objective function achieves a
better value); using a starting value for the step and generating random numbers
with Gaussian distribution around this number, etc. As a result of the initial
experiments performed, it was decided to use equation (1) to compute the step
size. But, of course, there are also several other ways to set this.

Incorporation of re-start procedure. In order to restart the algorithm the
result obtained in the previous set of iterations (denote it by z) is taken into
account and the steps given below are followed:

For each dimension 7of the point x, the first partial derivative with respect to
this dimension is calculated. This means the gradient of the objective function
is calculated which is denoted by g. Taking this into account, the bounds of the
definition domain for each dimension are re-calculated as follows:
if g; = g—fi > 0 then upper bound =z;,

if g; = g—fi < 0 then lower bound =x;

The search process is re-started by re-initializing a new arbitrary point be-
tween the newly obtained boundaries.

2.2 Spreading Phase

At the end of the convergence phase, a solution is obtained. This solution is
considered as an efficient (or Pareto) solution. During this phase and taking into
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account of the existing solution, more efficient solutions are to be generated so
as to have a thorough distribution of all several good solutions along the Pareto
frontier. In this respect, the line search technique is made use of to generate one
solution at the end of each set of iterations. This procedure is applied several
times in order to obtain a larger set of non-dominated solutions. The following
steps are repeated in order to obtain one non-dominated solution:

Step 1. A set of nondominated solutions found so far is archived. Let us denote
it by NonS. Initially, this set will have the size one and will only contain
the solution obtained at the end of convergence phase.

Step 2. We apply line search for one solution and one dimension of this solution
at one time. For this:

Step 2.1. A random number ¢ between one and |[NonS| (]| denotes the cardi-
nal) is generated. Denote the corresponding solution by nonsS;.

Step 2.2. A random number j between one and the number of dimensions (the
number of decision variables) is generated. Denote this by nonS;;.

Step 3. Line search is applied for nonSs;.

Step 3.1. Set p=1 (the random value also works fine).

Step 3.2. Set « (which depends on the problem, on the number of total non-
dominated solutions which are to be generated, etc.).

Step 3.3. The new obtained solution new_sol is identical to nonS; in all di-
mensions except dimension j which is:
new-solj= nonS;;+a -p

Step 3.4. if (new_sol; > upper bound) or (new-sol; < lower bound)
then new_sol; = lower bound + random - (upper bound — lower
bound).

Step 4. if F(new_sol) > F(nonSy)
then discard new_sol
else if new_sol is nondominated with respect to the set NonS
then add new_sol to NonS and increase the size on NonS by 1.
Go to step 2.

Step 5. Stop

These steps are repeated until a set on nondominated solutions of a required
size is obtained. In our experiments the size of this set is 100.

Note that this procedure it very fast and it takes less than 20 milliseconds to
obtain 100 non-dominated solutions.

3 Experiments and Comparisons

In order to assess the performance of LGP, some experiments were performed
using some well known bi-objective and three-objective test functions, which
are adapted from [3], [7]. These test functions were also used by the authors of
ParEGO [8] and NSGA 1II [2], which are well known in the computational intel-
ligence community as very efficient techniques for multiobjective optimization.
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Table 1. Parameters used in experiments by ParEGO and NSGA II. d denotes the
number of decision parameter dimensions.

ParEGO NSGA II
Parameter Value Parameter Value
Initial population in latin hy-{11d — 1 Population size 20
percube
Total maximum evaluations [250 Maximum generations |13
Number of scalarizing vectors|11 for 2 objec-|Crossover probability 0.9
tives
15 for 3 objec-
tives
Scalarizing function Augmented Real value mutation|l/d
Tchebycheff probability
Internal genetic algorithm 200,000 Real value SBX parame-|10
evaluations per iteration ter
Crossover probability 0.2 Real value mutation pa-|50
rameter
Real value mutation probabil-|1/d
ity
Real value SBX parameter |10
Real value mutation parame-|50
ter

Details about implementation of these two techniques may obtained from [2]
and [8]. Parameters used by ParEGO and NSGA II (given in Table 1) and the
results obtained by these two techniques are adapted from [8].

A set of 100 non-dominated solutions obtained by LGP, ParEGO, NSGA 1II is
compared in terms of dominance and convergence to the Pareto set. For the first
comparison, two indices were computed for each set of two comparisons: number
of solution obtained by the first technique which dominate solutions obtained
by the second technique and number of solutions obtained by the first technique
which are dominated by the solutions obtained by the second technique.

For two sets of A and B of solutions, which are compared, indices are denoted
by Dominate(A, B) and Dominated(A, B) respectively. Visualization plots are
used to illustrate the distribution of solutions on the Pareto frontier.

LGP uses only three parameters:

number of re-starts: 20;

number of iteration per each re-start: 10;

afor the spreading phase (which is set independent for each test function).

3.1 Test Function DTLZ1a

The test function DTLZ1a is a two objective test function and has 6 variables
[8]. Tt is given by:

minimize f1 = %m(l +9)
minimize fo = 5(1 —x1)(1+g)
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6
g =100 {5 s ((in —0.5)2 — cos (27 (2 — 0.5)))]
i=2

x; €[0, 1], i=1, ..., n, n=6.

The Pareto set for this function consists of all solutions where all by the first
decision variables are equal to 0.5 and the first decision variable may take any
value between 0 and 1.

For this test function, the value of « for the spreading phase is set to 0.01.
The convergence to the Pareto frontier and the distribution of solutions obtained
by LGP, ParEGO and NSGA II for the test function DTLZ1a is depicted in
Figure 1. Different sizes of the objective space are illustrated in order to incor-
porate all solutions obtained by all techniques. It is obvious that LGP assure
a very good convergence and distribution for this function. From the results
presented in Table 2 it can be observed that none of the solutions obtained by
LGP are dominated neither by ParEGO or by NSGA II, while solutions ob-
tained by LGP dominate all 100 solutions obtained by ParEGO and NSGA II.
88 of the solutions obtained by NSGA II are dominated by solutions obtained
by ParEGO while 69 of the solutions obtained by ParEGO are dominated by
solutions obtained by NSGA II.

Table 2. The dominance between solutions obtained by LGP, ParEGO and NSGA II
for test function DTLZ1a

Dominate |[ParEGO|NSGA |Dominate LGP |[NSGA |Dominate |LGP |ParEGO
I1 11
LGP 100 100 ParEGO 0 69 NSGA II 0 88

Dominated|ParEGO(NSGA |Dominated| LGP |[NSGA |Dominated|LGP |ParEGO
11 11
LGP 0 0 ParEGO 100 |88 NSGA II 100 |69

3.2 Test Function DTLZ4a

Test function DTLZ4a has three objective functions and 8 decision variables and
is given by:

100 $100ﬂ_

« . . xr ™
minimize f1 = (1+ g) cos( L )cos =

$1007T . $1007T
minimize fo = (1+ g) cos( L )sm( 2 )
ZElOOﬂ'
minimize f3 = (1+ g)sin ( L
& 2
g = 2:3 (x; — 0.5)
x; €[0, 1], i=1, ..., n, n=8.

The Pareto front is 1/8 of the unit sphere centered in origin. The Pareto
optimal set consist of all solutions but the first two decision variables are equal
to 0.5 and the first two decision variables may take any value between 0 and 1.



Hybrid Line Search for Multiobjective Optimization 69

[« 6P [ v nNsGAI[ - PaEGO * LGP v NSGAI| = PaEGO

f1

[* P [ v msGAN[ - PaEGO « LGP r NSGA ] - PaEGD

20
am ]

300 E
i
g0 o
200
s 100
Lo . . ; : : :
SREEEEEEE L R - 1'---_---%---‘--n--_---1 ------ Pe-n-e- H
. ] S . i i
n . T H il "'YH"‘::’-\-:"--"‘ 2 . . .
! T LU T
01 23435678 91011121314 15161718 1920 o 50 100 150 200 230 300 330 400

fl fl

Fig. 1. Distribution of solutions on the Pareto frontier obtained by LGP, ParEGO and
NSGA II for test function DTLZ1a

For test function DTLZ4a the value of « is set to 0.2. The distribution of
solutions on the Pareto frontier and the convergence to the Pareto frontier for
all the three algorithms is depicted in Figure 2. For test function DTLZ4a the
value of « is set to 0.2.

From Figure 2 it can be observed that, compared to ParEGO and NSGA I,
LGP is assuring a very good convergence. The latter two approaches are not
converging very well with the parameters used.

As evident from Table 3 none of the solutions obtained by LGP are dominated
neighter by ParEGO or by NSGA II while solutions obtained by LGP dominate
all 100 solutions obtained by ParEGO and NSGA TII. 87 of the solutions obtained
by NSGA II are dominated by solutions obtained by ParEGO while 54 of the so-
lutions obtained by ParEGO are dominated by solutions obtained by NSGA II.

3.3 Test Function DTLZ7a
This test function has 3 objectives and 8 decision variables and it is given by:

minimize f1 = x1
minimize fo = xo
minimize fs=(1+g)h
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Fig. 2. Convergence to the Pareto frontier and distribution of solutions obtained by
LGP, ParEGO and NSGA II on the Pareto frontier for test function DTLZ4a (view
from different angles)

Table 3. The dominance between solutions obtained by LGP, ParEGO and NSGA 11
for test function DTLZ4a

Dominate |ParEGO[NSGA |Dominate |[LGP |[NSGA |Dominate LGP |ParEGO
II 11
LGP 100 100 ParEGO 0 87 NSGA II 0 54

Dominated|ParEGO(NSGA |Dominated| LGP |[NSGA |Dominated|LGP |ParEGO
11 1I
LGP 0 0 ParEGO 100 |54 NSGA 11 100 |87

The Pareto front has four discontinuous regions and the Pareto set consists
of all solutions where all by the first two decision variables are equal to 0.

The test function DTLZ7a has 4 discontinuous Pareto regions. LGP is able
to converge very well and it is able to spread into the all four disconnected
Pareto regions from a single starting point. The value of « used is 1, but there
is not much difference between different values of . As evident from Figure [3]
both ParEGO and NSGA II ar far from the Pareto front in terms of convergence.
Also, none of the solutions obtained by LGP is dominated by neither ParEGO or
NSGA II. 17 solutions obtained by ParEGO are dominated by solutions obtained
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Fig. 3. Convergence to the Pareto frontier and distribution of solutions obtained by
LGP, ParEGO and NSGA II on the Pareto frontier for test function DTLZT7a (view

from different angles)

Table 4. The dominance between solutions obtained by LGP, ParEGO and NSGA II

for test function DTLZ7a

Dominate |ParEGOINSGA |Dominate LGP |[NSGA |Dominate |LGP |ParEGO
LGP 100 I11()0 ParEGO 0 ;IO NSGAII |0 17
Dominated|ParEGO|NSGA |Dominated| LGP [NSGA |Dominated| LGP |ParEGO
LGP 0 BI ParEGO 100 I1I7 NSGA 11 100 |80

by NSGA II while 80 of the solutions obtained by NSGA II are dominated by
solutions obtained by ParEGO.

4 Conclusions

The paper proposes a new approach for multiobjective optimization which uses
an aggregation of objectives and transforms the MOP into a SOP. A line search
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based technique is applied in order to obtain one solution. Starting from this
solution a simplified version of the initial line search is used in order to generate
solutions with a well distribution on the Pareto frontier. Numerical experiments
performed show that the proposed approach is able to converge very fast and
provide a very good distribution (even for discontinuous Pareto frontier) while
compared with state of the art population based metaheuristics such as ParEGO
and NSGA II.

Compared to NSGA 1T and ParEGO, LGP has only few parameters to ad-
just. It is computationally inexpensive, taking less than 200 milliseconds to
generate a set of nondominated solutions well distributed on the Pareto
frontier.

The only inconvenience is that LGP involves first partial derivatives which
makes it be restricted to a class of problems which are continuous twice differ-
entiable. But almost all practical engineering design problems are continuous
differentiable.

One of the further work ideas is to find a better way to set the value of «.
In this paper, we considered different « values until we achieved a satisfactory
distribution. Also, we would like to extend LGP to deal with constraint multi-
objective optimization problems.
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Abstract. In many applications, stream data are too voluminous to be
collected in a central fashion and often transmitted on a distributed net-
work. In this paper, we focus on the outlier detection over distributed
data streams in real time, firstly, we formalize the problem of outlier
detection using the kernel density estimation technique. Then, we adopt
the fading strategy to keep pace with the transient and evolving natures
of stream data, and mico-cluster technique to conquer the data partition
and “one-pass” scan. Furthermore, our extensive experiments with syn-
thetic and real data show that the proposed algorithm is efficient and
effective compared with existing outlier detection algorithms, and more
suitable for data streams.

1 Introduction

Following with the fast improvement of hardware and communication tech-
nologies, many modern data acquisition systems are essentially automatic, dis-
tributed and continuous. For example, networking applications (multiple web/
blog crawlers, intrusion detection, network monitoring), financial services (dis-
tributed fraud detection, financial monitoring, click stream analysis) and mili-
tary application(soldier location streams), etc. In these environments, all stream
data generally have these characters: continuous and unbounded, distributed
and evolvable over time. So, distributed data stream model was provided, which
is suitable for these applications very well.

In this paper we study a quintessential monitoring problem on continuously
changing distributed data sources, namely, outlier detection, which is an impor-
tant part of data mining. And the outliers may point out some surprising and
suspicious activities or observations which appear to be inconsistent with the
remainder data. Formally, we have m + 1 distributed nodes (one leader node
and m child nodes), illustrated in Each child node ¢ has a changing
source of data S} at time ¢, and individual data items in the sources may be
high dimensional including numerical values, text, audio or video. We are more
concerned about monitoring some desirable properties of the union [J!", S! of
data on all nodes in real time. In order to understand the challenge in monitoring
outliers over distributed nodes, there are two straightforward “solutions”:

R. Perrott ct al. (Eds.): HPCC 2007, LNCS 4782, pp. 74 2007.
© Springer-Verlag Berlin Heidelberg 2007
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Leader Node

Fig. 1. Continuous Distributed Outlier Detection (red points are local outlers)

1. Each node sends the newly gathered data to the central node. The central
node updates the outliers of [ !, S! whenever a new point is received.

2. Periodically, each node sends the newly gathered data to the central node,
every 7 seconds. The central node updates the outliers every 7 seconds.

The first method has communication and central processing bottleneck be-
cause all data are aggregated to central node; The second solution, which is
similar to a batch processing of the first method, will have latency because of
the time 7 and also does not overcome the communication problem. Further-
more, the outliers would change radically within the time period. So these two
solutions are not suitable for monitoring applications. Therefore, we develop ef-
ficient online outlier detection techniques. And our contributions are as follows:

1. We propose two novel outlier measures, using kernel density estimation
technique [1] to approximate the stream data distribution, which are compati-
ble with distance-based outlier and density-based outlier (see [Definition 2 and

2. We adopt the fading strategy to keep pace with the transient and evolving
natures of stream data, and mico-cluster technique (commonly used for data
compression or summarization) to deal with the data partition.

3. Finally, extensive experiments including synthetic and real data sets,
demonstrate that our proposed methods are efficient and effective.

The rest of this paper is organized as follows. [Section 2l introduces the related
researches of outlier detection. presents some preliminaries and the
problem definitions. Section 4l provide the effective algorithm (MIOD algorithm).
evaluates the effectiveness and efficiency of the algorithm compared
with existing algorithms. concludes the paper.

2 Related Work

Methods for outlier detection are drawing increasing attention. The salient ap-
proaches can be classified as either distribution-based, clustering, distance-based,
or density-based.
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The distribution-based approach [2I3] assumes the data following a distri-
bution model (e.g. Normal) and flags as outliers those objects which deviate
from the model. Thus, such approaches do not work well in moderately high-
dimensional (multivariate) spaces, and have difficult to find a right model to
fit the evolving data stream. To overcome these limitations, researchers have
turned to various non-parametric approaches (clustering, distance-based, and
density-based).

Most clustering algorithms (e.g. CLARANS [], DBSCAN [5], BIRCH [d],
WaveCluster [7], CLIQUE [g]), are to some extent capable of handling excep-
tions. However, since the main objective is to find clusters, they are developed
to optimize clustering, and regard outliers as “by-products”.

Distance based approaches [QTOTTIT2ITIITAITS], first proposed by E.M. Knorr
and R.T. Ng [9], attempt to overcome limitations of distribution-based approach
and they detect outliers by computing distances among points. A point p in a
data set T is a distance-based outlier (DB(p, )-outlier) if at most a fraction p of
the points in 7" lie within distance r from p. It has an intuitive explanation that
an outlier is an observation that is sufficiently far from most other observations in
the data set. However, it will be no effect when the data points exhibit different
densities in different regions of the data space or across time, because this outlier
definition is based on a single, global criterion determined by the parameters p
and r, so more robust density-based techniques were provided.

Density-based approaches proposed originally by M. Breunig, et al. [T6] which
defines a local outlier factor (LOF) for each point depending on the local density
of its neighborhood. In general, points with a high LOF are flagged as outliers. It
has attracted considerable attention [I7/I8/T9], and a large number of algorithms
have been developed which concern how to define the density or accelerate the
efficiency, such as, LOCI [I7] method.

In the distributed data stream environments, Babcock and Olston presented
an original algorithm for distributed top-k monitoring [20]. Amit Manjhi, et
al. [21I] thought of finding recently frequent items. S. Subramaniam, et al. [22]
cared about the outlier over sensor stream data. Graham Cormode, et al. [23]
considered continuous clustering.

3 Preliminaries and Problem Statement

In this section, first, we introduce the two preliminaries: distributed data stream
model and kernel density estimation. Then, we propose two novel outlier mea-
sures which are compatible with distance-based and density-based outlier.

3.1 Distributed Data Stream Model

A data stream consists of an unbounded sequence D1, Do, - - of numeric values
which D; = (D}, D?,--- , DJ) and D} € R for i,j € N,j € [1,d]. Then, dis-
tributed data stream model composes of m + 1 nodes: a central leader node N.,
and m remote stream monitor nodes Ny, Na,--- , N,,. Each node just monitors
one stream data, illustrated in Except otherwise stated, we assume
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the stream data as independent and identical distributed(iid) observations of an
unknown continuous random variable which is reasonable for most distributed
data stream applications. On the other hand, in many data stream applications,
only the most recent elements are important in data mining, while the old ones
are very little or not. For example, in a stream of stock market data, people are
more concerned about the moving average of the stock price over all observations
made in the last hour. So, we only care about the data in the sliding window
(W) which contains the most recent N elements of stream.

3.2 Kernel Density Estimation

Kernel density estimation is to reveal the unknown density of a distribution
by selecting a suitable density estimator and has been successfully applied in
diverse application scenarios [I]. Theoretically, kernel density function f3(z) is
sure to converge to the real density f(x) function for arbitrary distribution. More
formally, assume that we have a data set D, containing n points whose values are
X1, X, -+, X,,. We can approximate the underlying distribution f(x) using the
following kernel function (K(x), kernel function, is a function of random variable
X. h, kernel width, determines the smoothing level of kernel function):

ﬁ(m)z%i%lC(x_hXi>, r, X; € R, LERK(m)dmzl . (1)

(25 -

h
Common used kernel functions are Epanechnikov, Gaussian, Quartic and Tri-
weight kernel, etc. Since the Gaussian kernel is unbounded (z € (—o0, +00)),
it exacerbates the cost of computing integral. Quartic and Triweight kernel are

fourth and sixth function each other. So, we choose the Epanechnikov kernel (see
[Equation 2|) which is a square function, more easy to integrate and has bound.
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3.3 Novel Outlier Measures

Intuitively, outliers can be defined as given by Hawkins [24] in[Definition 1 There
are several formal definitions of an outlier in In our work, combining
the meaning of [Definition 1] with kernel density estimation, naturally we can
come to a conclusion — the probability of one point is more close to zero, the
point is more likely to be an outlier. So, we use the following to
measure the outlier degree in this setting. Then, two variations based on the
commonly-used outlier definitions are presented.

Definition 1 (Hawkins-Outlier). An outlier is an observation that deviates
so much from other observations as to arouse suspicion that it was generated by
a different mechanism.



78 L. Su et al.

p+r
Pp.r) = Plp—rip+rl= [ Fxax . 3)
p—r
Distance-based Kernel Estimation Outlier: It is a variation of Distance-
based Outlier [9]. Naturally, we present the definition of Distance-based Kernel
Estimation Outlier (DisKE-Outlier) (see [Definition 2)). However, it also has the
same limitations as distance-based methods. So we provide a more robust outlier

measure: DenKE-Outlier in [Definition 3}
Definition 2 (DisKE-Outlier). A point is a “DisKE-Outlier” if &(p,r) < p.

Density-based Kernel Estimation Outlier: It is a variation of Density-based
Outlier [16]. Spiros Papadimitriou, et al. [I7] provided an outlier metric — Multi-
Granularity Deviation Factor(MDEF). For any given point, MDEF is a measure
of how the neighborhood count of p (in its counting neighborhood) compares
with that of the points in its sampling neighborhood. A point is flagged as an
outlier, if its MDEF is significantly different from that of the local averages.
r is the sampling neighborhood distance and ar (« € (0,1)) is the range over
which the neighborhood counts are considered. Correspondingly, we can define
a Density-based Kernel Estimation Outlier(DenKE-Outlier) as follows:

Definition 3 (DenKE-Outlier). A point is defined as a “DenKE-Outlier”

D(p,ar) ; o
that S oo (. T7] < &, € is a real value parameter to define how significant

the point p is to the average of its neighbors. {2, is a point set that contains all
points which distances are below r to point p. |(2,| is the count of (2.

4 Micro-cluster Based Outlier Detection Algorithm

In this section, firstly, we discuss the selection of kernel width which significantly
affects the accuracy of algorithm. Secondly, the fading strategy is proposed to
conquer the evolving nature of stream data. Thirdly, we provide the approxi-
mate JS-divergence technique to save the traffic between the leader node and
other child nodes. Finally, we use the micro-cluster CF-tree [0] data structure to
condense the stream data and meet the “one-pass” scan.

4.1 Selecting Kernel Width

The kernel density estimation in the [Figure 2|indicate that the kernel width sig-
nificantly affects the shape of a kernel function. If the width is chosen too high,
the estimation is over-smoothed and hides important details. Otherwise, the
estimation is under-smoothed and brings illusive details, resulting in heavy com-
putation. A widely used rule for approximating the kernel width is the Scott’s
rule [1] (h in[Equation 4). However, these strategies depend on the complete sam-
ple, which is impracticable in data stream scenario. To overcome this problem,
we adopt an approximate solution, only considering the data in sliding window.
The number of sliding window (N) is more large, the approximate kernel width
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Fig. 2. Kernel density estimation, underlying standard normal kernel and kernel width
with A = 0.1 (left) and h = 0.3 (right)

h is more close to h. ¢ is the standard deviation of whole stream data and & is
the sample standard deviation of sliding window.

h~ 234500 Y% ~ T 2 2.3455(N)"*/?, T = min {2.3455n—1/5, D’;} ()

Definition 4 (k-nearest neighbor set). D’; is the distance between point p
and its k-nearest neighbor. A,, named “ k-nearest neighbor set of point p”, is
defined as a set that contains all points which distance is not larger than D’;.

Ag, named “ k-nearest neighbor set of set S”, is defined as Upes

The h width will increase very fast following by the & and n in [Equation 4 In
order to balance the quality and efficiency, we consider the dlbtance between the
point and its k-nearest neighbors. So an improved kernel width (h) is listed in

Extensive experiments demonstrate its efficiency.

4.2 Capturing Evolution over Data Stream

Because of the dynamic nature of stream data, it is the inherent obstacle that
must been conquered by an effective and robust stream analysis technique. To
capture the evolution, we are conscious of the problem in[Equation 1} each kernel
entry is equally weighted with constant % So we present a fading strategy that
couple the kernel density estimation with exponential smoothing [25]. The basic
idea of fading strategy is to give older data less weight and to gradually discount
the history data, which is widely used in the area of time series analysis and

forecasting. Then, is adjusted to [Equation 5l Notice that the sum
N [3
of weights in is va 1 ZN —— = 1, which is equal to Yt =1

n When w =1, comes back to The fading

factor(w) determines the rate of fading. The higher the value of w the lower
importance of the historical data compared to more recent data. The sliding
window becomes an evolving sliding window. And also, we can tune the impact
degree of past and current data through w to match different applications.
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4.3 Comparison for Different Distributions

The difference of two distributions can seriously influence the traffic between the
leader node and other child nodes. Intuitively, the less change of distribution in
one node, the less traffic between this node and the leader node. So it is very
important to compare the difference between two distributions. Several methods
have been proposed to quantify the difference between probability density dis-
tributions [I]. One widely used measure is Ali-Silvey divergences, which is more
natural than £, norms. p(z) and ¢(x) are probability distribution functions over
random variable z, (2 is the value set of x. Two most common divergences are
the asymmetric KL-divergence and the symmetric JS-divergence in
However, because kernel density estimation method may assign probability of
zero to some regions, KL-divergence is undefined and meaningless for the In
function. So, we choose the JS-divergence which is meaningful to any x € (2.

DJS(%Q):Z(PHH P +q1n d ) (6)

Di +qi pi + qi

D 2pi 2q;
Dys(p.q) = > (pi In + ¢iln ) : (7)
icAq, Di + g Di +qi

in U Sout

Theoretically, a new data incoming the sliding window or an old data being
dropped out will change the kernel density for all data points in the whole
sliding window. Obviously, it is too inefficient and unscalable to suit the evolving
data stream over time. The incoming data and dropped data are a very small
proportion to the capacity of sliding window. The points are more close to the
changeable data, the influence is more serious. To balance the accuracy and
complexity, we provide an approximate JS- dlvergence(D 75(p, q) in [Equation 7))
which is only concerned about the changeable data (S, and S,.:) and their
k-nearest neighbors set. As the number |Ag, |js,.,| is much less than n, time
complexity is reduced to O ‘ASMU Sout + log n)) which logn is the time

spending to search k-nearest nelghbor set. D 75(p, q) is non-negative real number
and unbounded. In practical, we can select a parameter A (divergence threshold)
as the upper-bound of ﬁjs(p, q). If ﬁjs(p, q) > A, there is a significant change
and corresponding node transfer its kernel estimation function to the leader
node. Otherwise, no transformation.

4.4 Micro-cluster Definition and MOD Algorithm

In this section, we describe the Micro CF-Tree Based Distributed Outlier
Detection Algorithm (MOD Algorithm) that can deal with the two outlier
categories (DisKE-Outlier and DesKE-Outlier), in a distributed manner. We
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Fig. 3. Extended Micro-Cluster Feather Tree

want to identify outliers in the leader node. By observation of the definition of
DisKE-Outlier, it is easy to find that the leader node need only to examine the
values that have been marked as outliers by its child nodes. All the other data
values can be safely ignored, since they cannot possibly be outliers. However,
DesKE-Outliers are non-decomposable because the neighbors of one point may
be distributed in different child nodes. A feasible solution is that all child nodes
have a copy of the kernel density function of leader node. The child node trans-
fers its kernel estimation function to the leader node when its Djg(p,q) > A,
and the leader node broadcasts its kernel estimation function to its child nodes
when Djs(p,q) > X in N.. We define the concept of micro-cluster-based outlier
more precisely in [Definition b which is a CF-Tree [6]. It is very easy to create
and maintain the clusters in a single pass. The whole algorithm is described in
algorithm ().

Definition 5. An extended micro CF-tree for a set of d-dimensional points
D; ,Di,, -+, D;, with time-stamp T;,, T;,, ---, T, and each point D; = (djl-,
d2, -, d}), is defined as the (4d+1+|Ac|+|Oc|)-tuple (ACF1(C), ACF2(C),
MIN(C), MAX(C), Ac, Oc, n(C)). (ACF1(C), ACF2(C), MIN(C), MAX(C)
are four vectors of d entries. The definition of each of these entries is as follows,

is the whole data structure:
e The p-th entry of ACF1(C) is equal to Zyg) dfj , The p-th entry of ACF2(C)
is equal to Z;’icl)(dfj )2;

e The p-th entry of MIN(C) is equal to min;icl) dfj , The p-th entry of MAX (C)

i1 n

"(C) dl_" .

is equal to max;_;
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Algorithm 1. CF-Tree Based Distributed Outlier Detection Algorithm

Input: m data streams S1,---,Sm, in Ny, -+, N,,,, the divergence threshold A, p is the
outlier proportion in DisKE-Outlier, the distance r, « is the distance proportion
in DesKE-Outlier.

Output: the outlier set O,

Function OutlierDetetion()

1: BDisKE «;// variable BDisK E = true indicates using DisKE-Outlier detection

method, otherwise using DesKE-Outlier detection method.

2: LeaderProcess() // initiate the process for the leader node;

3: for(i =1 to m) do

4:  ChildProcess(); // initiate the process for each child node;

Function LeaderProcess()

1: find the closest micro-cluster from the CF-Tree to the point p which a new point
from a child node, assumed the cluster as GC which is a leaf node in the CF-Tree;
if(p ¢ Ogc) then isOutlier(p, GC);
update fh( z); // using [Equation 1] and kernel width in [Equation 4}
lf(DJS( frew fold) > \A) then broadcast fA"ew to the all child node
if(p € Occ, or is marked as an outlier) then report point p as an outlier;
. else insert p to micro-cluster GC'
Function ChildProcess()
1: find the closest micro-cluster from the CF-Tree to the new point p, assumed as LC
which is a leaf node in the CF-Tree;
if(p ¢ Orc) then isOutlier(p, LC);
update fh( ); // using [Equation 1] and kernel width in [Equation 4}
lf(DJS(fnew, f"ld) > \) then send the point p and f"ew to the leader node;
if(p ¢ OGC, and is not marked as an outlier) then insert p to LC;

Function isOutlier(point p, micro cluster M ()
if(BDisKE =)

if (®(p,r) < p) then mark p as an outlier and add to Onc;
else sum up to 2, = ,cprc Ao

i (% <€) then mark p as an outlier and add to Opc;
qe I8

update f; (); // using [Equation 1] and kernel width in

o *’?F’F!\?!—.‘

e The Ac is defined in[Definition 4, Oc holds the outliers in cluster C, n(C)
is the count number in Micro-Cluster C.

5 Experiments

In this section, we will present the experimental results for our algorithms com-
paring with two typical algorithms. One is the distanced-based algorithm —
NL algorithm [9] which is proposed by E.M. Knorr and R.T. Ng, and the other
is an density-based algorithm — LOCT algorithm [I7] which is presented by
Spiros Papadimitriou, et al. There are three primary purposes: (1) Comparing
the precision and recall ratio in four real data sets. (2) Verifying the algorithm
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Fig. 4. Precision when varying the sliding window size, and nodes scalability

scalability in high dimensions and large numbers of child nodes. (3) Checking
the efficiency of two kernel widths (ﬁ and % in [Fquation 4J).

All experiments were conducted on a 3.2 GHz PentiumIV PC with 1GB mem-
ory, running Microsoft Windows XP. To evaluate the efficiency and scalability
of our two algorithms, both real and synthetic data sets are used. Real data
sets include adult, KDD cup 99, forest and stock price series. The last data set
consists of the price for a single stock taken at frequent intervals over a six year
period. Total count is 330K values. The other three data sets come from the
UCI machine learning repository. All algorithms are implemented by Microsoft
Visual C++ 6.0. The Naive Outlier Detection Algorithm (NOD Algorithm) use
the h kernel width and C++ STL (NOT the CF-tree), which is to proof the
MOD algorithm scalability.

Selecting the Kernel Width: Kernel width is a virtual parameter in kernel
density estimation. An proper width can save computing time and improve the
accuracy very large. In this experiment, we select two very large data sets (adult
and forest cover). We consider the precision change with the sliding window size.
The sliding window varied from 10000 to 100000. Unless particularly mentioned,
the nearest neighbor k = 8, divergence threshold A = 0.1 and fading factor
w = 0.2. In [Figure 4] (a) the ¢ = 0.2 in the real data selected and (b)
is 0.4. The results show the MOD algorithm has more better precision than the
NOD algorithm, especially in (b). The precision in MOD algorithm is
less sensitive than NOD algorithm following with the change of sliding window.
This owes to the kernel width. In MOD algorithm, we considered the influence
of k-nearest neighbors which can prune effectively off the kernel width.

Efficiency of MOD Algorithm: Our first set of experiments focused on the
efficiency of three algorithms. We use two measures, namely precision and recall,
defined as follows. Precision represents the fraction of the values reported by our
algorithms as outliers that are true outliers. Recall represents the fraction of the
true outliers that our algorithms identified correctly. We set the sliding window
size N = 10000. We selected five real value columns in the real data sets (The
stock price series data set only has one column and we constructed five columns
by simply duplicating the column). The experiment results in Fig.[Hl (a) and (b)
indicate that our NOD algorithm is better than the corresponding distance-based
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Fig. 5. Precision and Recall in four real datasets, and dimensional scalability

NL algorithm, the MOD algorithm also exceeds the LOCI, although only 0.2 ~
3.1% improvement. It is not surprising that our NOD and MOD algorithms are
essentially improved from the distance-based and density-based algorithms.

Algorithm Scalability: The scalability is an important criteria to judge
whether an algorithm is suitable for distributed environment or not. Our syn-
thetic data were random sample columns from adult data sets.we used ten PCs
to simulate the 100 child nodes (each node simulate ten child nodes at most) and
one PC as the leader node in [Figure 1] each In[Figure 4fc) and [Figure 5|c), we
change the dimension(d) and child nodes(N) to check the precision of NOD and
MOD algorithms. The results show that: NOD algorithm is exponential propor-
tional to the dimension, but the MOD is linear to it. This phenomenon is more
obvious in [Figure BJ(c). The processing time per data item of MOD algorithm in
[Figure Bjc) only varied range of 0.12 ~ 0.16 second, but 0.14 ~ 0.25 second in
NOD algorithm. The ratio of fluctuation difference (3:23=914 ~ 3) approximate
to three. So, the MOD algorithm has more scalability than NOD algorithm,
mainly because of the micro-cluster compressed data structure.

6 Conclusions and Future Work

In this paper, we study the problem of continuous adaptive outlier detection
on distributed data streams. We propose two novel outlier measures and an
algorithm which can deal with the distributed and evolving natures of stream
data. The mathematical analysis and extensive experiments show that the pro-
posed methods are both efficient and effective comparing with existing outlier
detection algorithms. In the future, we will study cluster over distributed data
streams.
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Abstract. Data missing is a common problem in database query processing,
which can cause bias or lead to inefficient analyses, and this problem happens
more often in sensor databases. The reasons include power outage at the sensor
node, sensors time synchronization, occurrences of local interferences, unstable
wireless network communication, etc. Therefore, in sensor database applica-
tions, there is a need for data imputation, especially for those applications in
which the query response time is tight, and the accuracy of the query results is
important. In this paper, we present a data imputation application based on
association rule mining of closed frequent itemsets. They are subsets of all
frequent patterns but provide complete and condensed information since they
do not include redundant patterns. Experimental results compared with the
existing techniques using real-life sensor data show that our proposed technique
effectively imputes missing sensor data as well as achieves time and space
efficiency.

1 Introduction

A wireless sensor network (WSN) is a wireless network consisting of spatially
distributed autonomous devices using sensors to cooperatively monitor physical or
environmental conditions, such as temperature, sound, vibration, pressure, motion or
pollutants, at different locations [15]. Recent advances in sensor technology have
made possible the development of relatively low cost and low-energy-consumption
micro sensors which can be integrated in a wireless sensor network. These devices -
Wireless Integrated Network Sensors (WINS) - will enable fundamental changes in
applications spanning the home, office, clinic, factory, vehicle, metropolitan area, and
the global environment [3].

Many researches have been conducted by different organizations regarding
wireless sensor networks to address many different issues such as power awareness,
security, routing protocol, heterogeneous sensor networking and so on, but few of
them discuss how to impute the missing data when data is lost or corrupted. In this
paper we present a data imputation model to impute data tuples in a sensor database
using a data mining technique based on closed pattern mining for association rules. Its
goal is to derive imputed values that are not only accurate but also timely. This is
significant to many applications where exact data may not be necessary and certain
approximate data is acceptable, such as traffic management, intrusion detection, and

R. Perrott et al. (Eds.): HPCC 2007, LNCS 4782, pp. 86496,]2007.
© Springer-Verlag Berlin Heidelberg 2007
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network routing. This research also reduces the chance that real-time applications
would miss their deadlines due to lack of data.

The data imputation model using association rule mining on stream data based on
closed frequent itemsets (CARM) [11] discovers relationships between sensors and
use them to compensate for missing and corrupted data. The derived association rules
provide complete and non-redundant information, since closed pattern mining
provides complete and condensed information and thus they do not include redundant
patterns [21]. Experimental results compared with the existing techniques using real-
life sensor data show that our proposed model effectively imputes missing sensor data
as well as achieves time and space efficiency.

The remainder of this paper is organized as follows. We review the existing data
imputation solutions in Section 2. We discuss the definitions of terms used in the
paper in Section 3. In Section 4, we present our proposed online data imputation
application based on the closed pattern mining. Section 5 depicts the performance
evaluation of the proposed data imputation model comparing with the existing
techniques using real-life traffic data. Finally, Section 6 concludes the paper.

2 Related Works

Many articles have been published to deal with the missing data problem, and a lot of
software has been developed based on these methods. Some of the methods totally
delete the missing data before analyzing them, like listwise and pairwise deletion [21]
while some other methods focus on imputing the missing data based on the available
information. The most popular statistical imputation methods include mean
substitution, imputation by regression [4], hot deck imputation [9], cold deck
imputation, expectation maximization (EM) [13], maximum likelihood [2, 12],
multiple imputations [16, 18], and bayesian analysis [6].

Also, there are some mathematical approaches to perform the imputation, like
SVDimpute, which is a singular value decomposition based method, called
SVDimpute. This method is applied for imputing missing values in DNA microarrays.
A DNA microarray is a matrix m rows of which are expression levels of genes and n
columns are different experimental conditions. The missing values occur for diverse
reasons, including insufficient resolution, image corruption, or simply due to dust or
scratches on the slide [20].

But none of these approaches is specially suited for wireless sensor network
environments, where streams of data constantly sent from the sensors to the servers,
due to several reasons. First, how much old information should be based on to get the
associated information for the missing data imputation? Using all of the old readings
to perform the imputation is unreasonable, especially when using an iteration
procedure until convergence to get the imputation like in the EM algorithm. On the
other hand, using only the previous round of sensor readings to perform the
imputation is also not a good choice since data streams often have a changing data
distribution. Some of the statistical methods use all of the available data points in a
database to construct the best possible results, like the Maximum Likelihood. In the
wireless sensor networks, the missing sensor data may or may not be related to all of
the available information, thus using all of the available information to process the
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result is not an optimal choice and would use more time and memory space than
necessary when it comes to the implementation stage.

Second, which information should be used to perform the missing data imputation?
In a wireless sensor network, data is collected within certain scopes and reported to
the servers during a certain period of time. Different sensors have different readings at
different time periods, and the current readings of one sensor may relate not only to its
previous readings, but also to other sensors’ previous or current readings. Therefore,
replacement of missing values with randomly selected values present in a pool of
similar complete cases or by a value which is independent of the data set like in the
hot/cold deck imputation is difficult to implement. This is because even though we
may get the complete set of information of a certain wireless sensor network, it is not
easy to decide which information is similar to the current round of missing sensor’s
information. In other words, it is hard to draw the pool for a certain sensor’s certain
round of readings when the application needs to perform the data imputation.

Third, the missing data may or may not miss at random (MAR), while most of the
statistical techniques, such as maximum likelihood [2, 12] and multiple imputations
[16, 18], are based on the MAR assumption. According to the definition in [12], Data
on Y are Missing At Random (MAR) if the probability that Y is missing does not
depend on the value of Y after controlling other observed variables X. For example,
we are modeling weight (Y) as a function of gender (X). One gender may be less
likely to disclose its weight, that is, the probability that Y is missing depends only on
the value of X. Such data are MAR.

As there are more and more stream data applications emerge, proper data
estimation algorithms for stream data are needed. In the prediction model of both
TinyDB and BBQ, multivariate data modeling techniques are used [6]. Such models
can be learned from historical data using standard algorithms. For a specific model,
training data needs to be collected for some period of time before predicting values.
These models need to be updated over time to reflect the most recent changes.
Choosing the best model for the given query workload and environment is an
important issue in this case. While our proposed technique catches the relationship
among sensors using association rule mining, this can be applied to a broad
applications without model updating.

In [14], the authors propose using pattern discovery in multiple time-series to
estimate missing data, but it’s not well suited for sensor networks, where the
relationships between sensors decided not only by the time trends, but also some other
factors, like locations and so on.

In [8], the authors proposed the WARM (Window Association Rule Mining)
algorithm for imputing missing sensor data. WARM uses association rule mining to
identify sensors that report the same data for a number of times in a sliding window,
called related sensors, and then imputes the missing data from a sensor by using the
data reported by its related sensors. WARM has been reported to perform better than
the average approach where the average value reported by all sensors in the window is
used for imputation. However, there exist some limitations in WARM. First, it is
based on 2-frequent itemsets association rule mining, which means it can discover
relationships only between two sensors and ignore the cases where missing values are
related with multiple sensors. Second, it finds those relationships only when both
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sensors report the same value and ignores the cases where missing values can be
imputed by the relationships between sensors that report different values.

In view of the above challenges, in this paper we present a data imputation model
using CARM (Closed Itemsets based Association Rule Mining) [11], which can
derive the most recent association rules between sensors based on the closed itemsets
in the current sliding window. The definition of closed itemsets is given in Section 3.

3 Definitions

In this section, we describe the notations and definitions that are used throughout this
paper.

Let D = {d, dy,..., d,} be a set of n item ids, and V = {vy, v,..., v} be a set of m
item values. An item I is a combination of D and V, denoted as I = D.V. For example,
d,.v,, means that an item with id d, has the value v,,. A subset X < I is called an
itemset. A k-subset is called a k-itemset. Each transaction t is a set of items in I. Given
a set of transactions T, the support of an itemset X is the percentage of transactions
that contain X. A frequent itemset is an itemset the support of which is above or equal
to a user-defined support threshold.

Let T and X be subsets of all the transactions and items appearing in a data stream
D, respectively. The concept of closed itemset is based on the two following
functions, fand g: f(T) = {ie I[IVte T,ie t}and gX)={te D IVie X,ie t}.
Function f returns the set of itemsets included in all the transactions belonging to T,
while function g returns the set of transactions containing a given itemset X. An
itemset X is said to be closed if and only if C(X) = f(g(X)) = feg(X) = X where the
composite function C = feg is called Galois operator or closure operator [19].

For example, let [ = {A, B, C, D} be a set of 4 items, and T = {CD, AB, ABC,
ABC} be a set of transactions in data streams, then the closed itemsets and their
support counts are {(C, 3), (AB, 3), (CD, 1), (ABC, 2)}. Each of the closed itemsets X
satisfies C(X) = f(g(X)) = feg(X) = X. Take AB as an example, g(AB) = {AB, ABC,
ABC}, feg(AB) = AB, so C(AB) = f(g(AB)) = feg(AB) = AB. Closed frequent
itemsets are those closed itemsets that have support equal to or greater than the user-
defined minimum support. If the user defined the absolute support to be 2, then the
closed frequent itemsets are {(C, 3), (AB, 3), (ABC, 2)}. The frequent itemsets are
{(A, 3), (B, 3), (C, 3), (AB, 3), (AC, 2), (BC, 2), (ABC, 2)}, from which we can see
that closed frequent itemsets are smaller subsets of frequent itemsets and contain all
itemsets and support information in the frequent itemsets.

From the above discussion, we can see that a closed itemset X is an itemset the
closure C(X) of which is equal to itself (C(X) = X). The closure checking is to check
the closure of an itemset X to see whether or not it is equal to itself, ie., whether or not
it is a closed itemset.

An association rule X = Y (s, ¢) is said to hold if both s and c are above or equal
to a user-specified minimum support and confidence, respectively, where X and Y are
sensor readings from different sensors, s is the percentage of records that contain both
X and Y in the data stream, called support of the rule, and c is the percentage of
records containing X that also contain Y, called the confidence of the rule. The task of
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mining association rules then is to find all the association rules among the sensors
which satisfy both the user-specified minimum support and minimum confidence.

4 Data Imputation Model Based on Closed Pattern Mining

The data imputation model uses association rule mining [1] on stream data to
compensate for missing and corrupted data. An association rule is an implication of
the form X =>Y (s, ¢), where X and Y are frequent itemsets in a database and X NY
= J, s is the percentage of records that contain both X and Y in the database, called
support of the rule, and c is the percentage of records containing X that also contain
Y, called the confidence of the rule. An association rule is said to hold if both s and ¢
are above or equal to a user-specified minimum support and confidence. An itemset is
frequent if its support is above or equal to a user-defined support threshold. A k-
frequent itemset is a frequent itemset with k items. Our goal is to find the
relationships between sensors, and later use these relationships (or association rules)
to impute the values of missing sensor readings.

When a transaction arrives or leaves the current data stream sliding window, the
CFI-Stream algorithm [10] checks each itemset in the transaction on the fly and
updates the associated closed itemsets’ supports. The current closed itemsets are
maintained and updated in real time in the DIU tree. The closed frequent itemsets can
be output at any time at users’ specified thresholds by browsing the DIU tree.

A lexicographical ordered direct update tree is used to maintain the current closed
itemsets. Each node in the DIU tree represents a closed itemset. There are k levels in
the DIU tree, where each level i stores the closed i-itemsets. The parameter k is the
maximum length of the current closed itemsets. Each node in the DIU tree stores a
closed itemset, its current support information, and the links to its immediate parent
and children nodes. Figure 1 illustrates the DIU tree after the first four transactions
arrive. The support of each node is labeled in the upper right corner of the node itself.
The figure shows that currently there are 4 closed itemsets, C, AB, CD, and ABC, in
the DIU tree, and their associated supports are 3, 3, 1, and 2.

We assume in this paper that all current closed itemsets are already derived, and
based on these closed itemsets, we generate association rules for data imputation.
Please refer to [10] for the detailed discussion of the update of the DIU tree and the
closure checking procedure for addition and deletion operations.

tid items
1 C, D
a 2 A B
3
3 A B C
4 A B C

Fig. 1. The lexicographical ordered direct update tree
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Based on the current closed itemsets in the DIU tree, instead of generating all
possible association rules, we generate the rules that have strong relationships with
the current round of sensor readings where one or more readings are missing. We
achieve this through browsing the DIU tree, which stores all of the closed itemsets.
Based on the users’ specified support and confidence thresholds, we find out rules
through paths (links) of closed itemsets that suit the users’ needs, i.e., satisfy the
users’ specified support and confidence thresholds. For example, if the user’s
specified support and confidence threshold is 0.3 and 0.6 respectively, it means that
we find out all the closed itemsets whose appearances are equal or greater than 30%
of all transaction sets, and we find out all the association rules that related with the
specified closed itemset whose possibilities to happen are equal or greater than 60%.
The mining process is online and incremental, which is especially beneficial when
users have different specified thresholds in their online queries. Please refer to [11]
for a detailed discussion of the procedures of the CARM algorithm.

The data imputation model provides the following functionalities as shown in
figure 2. It first preprocesses the data received from the input module, then judges if it
contains missing or corrupted value. If yes, it performs data imputation, outputs the
imputed value and stores it in the database; otherwise, it stores the value in the
database directly. The users can thus query the database and get the query results in
real time.

Below is an example of data imputation using closed itemsets based association rule
mining. Assume a wireless sensor network consists of four sensors S;, S,, S3, and S, that
send their readings to a server in a certain time interval. Each sensor detects the
temperature of a room during a certain period of time. The different values of the
observed temperature from each sensor are represented as follows: S;.value;, S,.value,,
S;.values, Sy.valuey and so on, where the value of each sensor may or may not be the
same. The sensor node sends the generated tuple to the server using its radio unit.

{sensor id, timestamp, flag, data}

roundjinterval

+

| Data preprocessing |

Missing /
Corrupted
value?

Data Imputation Component

Y N
| Data imputation |
Imputed value
v

Query
Result

Fig. 2. Data imputation model
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Assume the sensors have reported the following values as shown in figure 3 for the
last 4 rounds of sensor readings, where round number 1 is the oldest round and round
number 4 is the newest one. Assume minimum support = 50%, and minimum
confidence = 50%. From the figure we can see all closed frequent itemsets from the
current readings are {S,.70, S;.72, S;.60} =2, {S,.70, S4.60} = 3, {S,.60, S;.60} =2,
and {S,;.60} = 4. Based on the non-redundant association rules derived from the
closed frequent itemsets, we can derive {S;.70, S,.60} = S;.72, support = 1/2,
confidence = 2/3 and S4.60 = S,.60, support = 1/2, confidence = 1/2, we can impute
the missing value S;.72 and S,.60. Compared with WARM, CARM can find out the
relationship between multiple sensors instead of pairs of sensors; it can also derive the
relationship among sensors with different values instead of only same value S;.60 >
S,.60, therefore it increases the number of missing values that can be imputed.

S, S, |8 |s |8
i 1 |70 |eo |72 [eo §,.70,5,72,8,60 | 2
° * oS, 2 |70 |65 |72 |eo S¢70.5,80 3 Missing
S. server 5,60, 8,60 2
1 3 [72 e |65 [60 5,60, 5472
e S,.60 4
53 4 |70 60 . . T result
upports of
; i Mine  |frequent Association
Wireless Transactions Closed itemset
sensors Server —>{ closed > rule
Data streams itemset /| prediction
\ ,' result
5 Supports of Missing
CARM freclclllznt |szso.s,_so j I 8,80
\ candidate
-------- > WARM ‘
i Count
| candidates

Fig. 3. An example of data imputation using closed itemsets mining

5 Experimental Evaluations

The performance of our proposed data imputation model is studied by means of
simulation. Several different simulation experiments are conducted in order to
evaluate the proposed technique and compare it with four existing statistical
techniques: the Average Window Size (AWS) approach, the Simple Linear
Regression (SLR) approach, the Curve Regression (CE) approach, and the Multiple
Regression (MR) approach, and with the WARM approach, the current state-of-the-
art data imputation algorithm in sensor database [8].

The simulation model consists of 108 sensor nodes. All sensor nodes report to a
single server. The sensors are deployed on city streets, collect and store the number of
the vehicles detected for a given time interval. The actual vehicle counts taken as
sensor readings that are used as input for our simulation experiments are traffic data
provided by [1]. The data was collected in year 2000 at various locations throughout
the city of Austin, Texas. The data represents the current location, the time interval,
and the number of vehicles detected during this interval. From this set we generated
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four different input data sets corresponding to the different numbers of the possible
sensor states used for the simulation experiments.

The evaluation of the achieved accuracy of an imputation of the missing values is
done by using the average Root Mean Square Error (RMSE):

RMSE = . -
numStates #imputations

where Xa; and Xe; are the actual value and the imputed value, respectively;
#imputations is the number of imputations performed in a simulation run; and
numStates is the number of subsets, in which the actual readings are distributed. The

Himputation s

expression Z;(Xa, - Xe,)* represents the standard error and is an imputation of the
standard deviation under the assumption that the errors in the imputed values (i.e. Xa;
- Xe;) are normally distributed. Thus, the RMSE allows the construction of confidence
intervals describing the performance of different candidate missing value estimators.
The smaller the RMSE (the standard deviation), the better the estimator. The
calculated RMSE for each different set of input data (e.g. Set10 means that the sensor
readings are split into 10 subsets) is divided by the number of subsets and the result is
the average standard deviation in each case. This is done to keep the measure
comparable across experiments.

From figure 4 we can see that CARM gives the best result of the above approaches
regarding to the accuracy, follows by the WARM and AWS approaches. The
regression approaches performs no better than WARM, CARM and AWS approaches,
the main reason might be that it only considers the relationship between the neighbor
nodes, while CARM and WARM find out all of the relationship between the existing
sensors. Also from figure 4, we can see that the proposed CARM approach provides
better imputation accuracy than the WARM approach does. This is because CARM
performs the imputation based on the association rules derived by a compact and
complete set of information, while WARM performs the imputation based on the
association rules derived only by 2-frequent itemsets in the current sliding window.

Figure 5 illustrates the Total Main Memory Access Time per round (TMMAT) in
milliseconds of AWS, SLR, CE, MR, WARM and CARM approaches. The TMMAT
is defined as the time for performing all main memory accesses required for updating

0.3

—e—WARM
0.2 —=—CARM
—a—AWS
—=—SLR

*/4-\\_, _a MR

]
2 015
z

0.1+

0 20 40 60 80 100 120
Window Size

Fig. 4. RMSE for AWS, SLR, CE, MR, WARM and CARM approaches
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the associated data structures and impute missing values per round of sensor readings.
The experimental results show that in terms of TMMAT, the proposed CARM
approach is outperformed by all other four statistical approaches, but it’s still very fast
comparing with the resend cases. The CARM approach is faster than the WARM
technique. As shown in this figure, the TMMAT of WARM increases slightly when
the window size increases since the information in WARM stores in the cube data
structures, and the time needs to process this information increases when the size of
the cube increases. For the CARM approach, the TMMAT first increases as the
number of transactions increases since the number of closed itemsets that newly
discovered increases; however, the average processing time decreases after the
number of newly discovered closed itemsets reaches a threshold. This is because the
number of closed itemsets which exist in the DIU tree increases, and they do not need
to be processed; only their supports need to be updated incrementally.

Figure 6 illustrates Memory Space (in Kbytes) of AWS, SLR, CE, MR, WARM
and CARM approaches. The experimental results show that in terms of Memory
Space, the proposed CARM approach is outperformed by all other four statistical
approaches, but it’s still requires far less than the main memory provided in a
contemporary computer. The results of the simulation experiments show that for 108
sensors, using WARM, the needed memory space is much higher than that using
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Fig. 5. TMMAT for AWS, SLR, CE, MR, WARM and CARM approaches
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CARM. This is because the DIU tree data structure uses much less memory space
than the cube data structures, and it only stores the condensed closed itemsets
information.

There is a possibility that the imputation algorithm alone will not be able to impute
a missing value. The reasons for that are the following: no association rules between
the sensor with the missing value (MS) and other sensors can be derived based on the
current information. The percentage of cases in which a missing value cannot be
imputed by the imputation algorithm alone (PCE) is computed for each simulation run

using the following formula: #casesValue CannotBe Imputed where

PCE = *100%

" totalNumbe rOfAttempt sToImpute
#casesValueCannotBelmputed is the number of cases in which a missing value cannot
be imputed using the imputation algorithm alone, and
totalNumberOfAttemptsTolmpute is the total number of attempts to impute a missing
value in a given simulation run. From figure 7 we can see the CARM algorithm
greatly reduces the number of cases that can not be imputed directly by the
association rules derived. This is because, compared with WARM, it considers the
relationships between multiple sensors and enables us to find more associations
between multiple sensors even when they have different values.

50

45 { [——WARM
—=—CARM

40

35

w //
5
0

0 20 40 60 80 100
Number of States

Percentage cannot be estimated

Fig. 7. PCE for WARM and CARM approaches

6 Conclusions

In this paper we present a novel data imputation model in sensor network databases
based on closed pattern mining. This model integrates an incremental method to
perform data imputation from the derived association rules based on closed pattern
mining. Our performance study shows that it is able to impute missing sensor data
online with both time and space efficiency, greatly improves the imputation accuracy
and reduces the number of cases that cannot be imputed.
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Abstract. Clustering of data has numerous applications and has been studied
extensively. It is very important in Bioinformatics and data mining. Though
many parallel algorithms have been designed, most of algorithms use the
CRCW-PRAM or CREW-PRAM models of computing. This paper proposed a
parallel EREW deterministic algorithm for hierarchical clustering. Based on
algorithms of complete graph and Euclidean minimum spanning tree, the
proposed algorithgils can cluster n objects with O(p) processors in O(n*/p) time
where 1< p < . Performance comparisons show that our algorithm is the
first algorithm &% both without memory conflicts and adaptive.

1 Introduction

Hierarchical clustering[2,3] techniques are widely applied in diversified areas such as
gene categorization in biology, image processing, and network intrusion detection.
Cluster analysis [1] is the process of classifying objects into subsets that have
meaning in the context of a particular problem.

The basic principle behind hierarchical clustering is as follows: if there are n input
points or data items, we start with n clusters where each cluster has a single point.
From there on, the “closest” two clusters are identified. The two closest clusters are
merged, resulting in a reduction in the number of remaining clusters is g where g is
the target number of clusters and could be a part of the input.

The distance between two clusters can be defined in many ways. The commonly
employed metric is the single link metric, as others did [2-4], and we also employ the
single link metric as well.

Efficient sequential and parallel clustering algorithms have been studied
extensively from researchers. By far the runtime of O(n?) is the lowest to reach the
goal of clustering n points under the single link metric [2,3]. Rasmussen and Willett
[5] discuss the parallel hierarchical clustering using the single link metric and the
minimum variance metric on a SIMD array processor. Although a significant constant
factor speedup is achieved, their parallel algorithm can not decrease the O(n°) time
required by the serial implementation. Li and Fang [6] describe the parallel algorithms
for hierachical clustering using the single link metric on an n-node SIMD supercube
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and an n-node butterfly respectively. They affirmed that their algorithms run in
O(nlogn) time on the hypercube and O( nlog2 n ) on the butterfly. But in fact it was
pointed out that the times required by their algorithms must be O(n?) [2]. Olson has

presented O( nlogn )-time -processor algorithms on the Concurrent-Read-

logn
Concurrent-Write (CRCW) Parallel Random Access Machine (PRAM), butterfly, and
tree models [2]. An O( n* )-time n -processor SIMD shuffle-exchange network
algorithm has also been given by Li [7]. E. Dahlhaus [3] develop an efficient parallel
algorithm for single linkage clustering in O(logn) time with O(n) processors on a
Concurrent-Read-Exclusive-Write (CREW) PRAM, given that a Minimum Spanning

Tree (MST) is known. More recently, Rajasekaran [4] has presented a SIMD
2

algorithm that runs in O(logn )-time using CRCW PRAM processors, and a

logn
Random algorithm that run in an expected O( log2 n)cyclesona 1xXn AROB.

However, as pointed out in literature [9,10,11], most of the parallel algorithms for
hierarchical clustering presented so far have an obvious drawback: they are all
impractical, and thus are of only theoretic importance. For example, if a large
database has 10000 objects (this is possible in such cases as in bioinformics and in
intrusion detection), to perform the algorithms in [2] and [4], then at least 1000 and
10" processors which shared a common memory must be needed respectively.
However, it is very difficult to build such a shared memory machine by the present
techniques [9,10]. Another drawback of these algorithms resides in the parallel
models they used. Since concurrent read or write are required in these algorithms, it is
not applicable for the EREW (Exclusive-Read-Exclusive-Write) PRAM.

To overcome these two drawbacks, we propose an adaptive parallel hierarchical
algorithm based on EREW. The contribution of our algorithm is as follows:

e Using p processors where p can be adjustable in the range from 1 to
n

1I€p< 1 , our proposed algorithm run in O(n*/p) time, according to the
ogn
definition in [9,10,12], our algorithm is adaptive.
e An improvement from CRCW to EREW is made in this algorithm. Although
any CRCW or CREW algorithm can be converted into EREW algorithm in a

straightforward way [10], the time needed must increase by O(logn ) times.

The rest of this paper is organized as follows. Section 2 introduces our algorithm ,
in Section 3, the performance comparisons follow. Finally, some concluding remarks
are given in Section 4 as well as some future research directions in this field.

2 The Proposed Algorithm

As we know([2,3,4], Hierarchical clustering may be represented by a dendrogram that
can be easily constructed from a Euclidean minimum spanning tree of the n input
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points [2]. So the main wok for hierarchical clustering is to finding EMST and
identifying the connected components of a graph[2,3,4]. However, before the EMST
can be constructed for n given points, one auxiliary thing have to be done is to obtain
the distance of every pair of points and save them (i.e. to construct a completed graph
for n points). Now we at first describe the parallel algorithms for this step.

" and

Suppose that in SIMD-PRAM model we have p processors where 1< p <
logn
O(n*) shared memory units, while each processors have O(1) local memory.

2.1 A Complete Graph Constructed in Parallel

Let the initial input points have m dimensions. At first we have to obtain all distances
dy; for all pairs of points V; and V; where 1<i, j <n. There are many methods to

denote a completed graph G(V, E) [10]. Here, for the convenience of the following
process, adjoin matrix M is used. To construct an adjoin matrix for a given graph G,
there are several parallel algorithms [11], but they are all based on SIMD-CRCW or
SIMD-CREW models. Thus we use the elegant ideas[9,13] to design parallel EREW
algorithm for constructing an adjoin matrix M for completed graph G.

Algorithm 1. Parallel algorithm for computing all distances d; of edges e
1<i,j<n

The n input points Vi(x11, X12,....X1m), Va(X21, X225- - Xom)se s VilXals X2y - - Xnm) are
given

ij>

begin
for /[=ptolstepby—1 do
for all processors P; where 1<i </ do

for k={£}(i—l+p—l)+l to |:£:|><(i+p—l) do
P P

forjz[ﬂ(i—l)ﬂ to n Xi do
p p

begin

m
compute the Euclidean distance dj; where d;; = fZ(x,m =X )?
s=1

write dj; to the shared memory
end
end

Here, as figure 2 shows, when p|n, algorithm 1 must perform well. However, it is

trivial to process similarly in algorithm 1 when p|n is not the case.

Lemma 1. Algorithm 1 can be efficiently executed on SIMD-PRAM without memory
2

conflicts in O(n—) time and O(n*) work.
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Proof. Assume that the time for computing the Euclidean distance for each PRAM
processor is O(1) (in fact it must be O(m), in this paper we let m be a constant), the

conclusion can be shown from the figure 2. (i) if p|n. As the algorithm 1 shows,
there are 3 for cycle to perform in order to execute algorithm. The time needed in the
2

proposed parallel algorithm is pxﬁx—=n— , and the total work (cost) is thus
p p p

2
equal to pX—= n*. When any processor has obtained the Euclidean distance dj;, it

write it to the different location of the shared memory. Because every d; which
different processors write are different from each other, there are no write conflicts
among different processor. As figure 1 shows, in any time for different processors P;
and P;, if i < j, then the subscripts of d computed by processor i will be totally
different with that read by processor j, which means that the memory units processor i
and j read are also different in any time. Thus there are no read conflicts among

different processors, either. And algorithm 1 can be executed on EREW computation
model. (ii) if p|n does not hold. In this case, except the final processor and in final

cycle for /, the situations for other processors and other cycle are as same as that in
case 1, and the time and work bound will not change.

E;

[n/E] Fr [n/r][ F, [l | p

ovg] ]! el

a.whenl=p b.when/=p-1 c.whenl/=1

Fig. 1. The data allocation in different processor as algorithm 1 executes

2.2 Generation of MST

Now we have known all distances d;; from points V; and Vj, 1<i, j <n, which make

up a symmetry adjoin matrix. Based on this matrix, the next task for clustering is to
generate a MST of completed graph G. parallel algorithms for generating MST have
been extensively researched in past twenty years, and there are many different parallel
algorithms to get a MST from a known graph [12,14]. However, because of our
objective is to cluster n input points (items), which require pruning some edges
(section 2.3) after getting a MST, we use the parallel algorithms proposed by Akl,
etc[12]. This parallel algorithm is an adaptive and cost-optimal parallel algorithm for
MST, and is without memory conflicts.
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Algorithm 2. The parallel algorithm for producing MST!'?!
Limited by the space, for more details on the parallel algorithms, one can refer to
[10,12].

Lemma 2. Algorithm 2 can be execute in PRAM-EREW, and the total time and work

for execute the algorithm 2 is (n*/p), and O(n?), respectively, if 1< p < n

logn )

Proof. Because the number of processors in the proposed algorithm is p where
n

1I€p< , the conclusions are validated [12].

logn

2.3 Pruning Edges and Finding Connected Components

Now we have obtained the MST of the n input points. The g clusters from the n input
points are in need, so ¢ — 1 longest edges must be pruned from the MST T. if this is
done, then the left g subtrees (components) are the ¢ clusters of interest. Thus there is
still two parts of work to do, one is pruning edges from 7, and the other is finding the
needed connected components or subtrees.

At first, we introduce the parallel pruning edges algorithm on EREW-PRAM.

Algorithm 3. Pruning edges algorithm
begin
fork=1tog—1do
for all processor P; where 1<i < p do

, . n—1
find the longest edges from the edges set of TREE[ (i —1)[——] + 1] to
p

n—1

TREEJ (i 1)1 do

call Procedure MAXIMUM

delete the longest edge

call Procedure BROADCAST in [10,12]
end

Procedure MAXIMUM( A[l,---, p])
begin

forall p, where 1<i< {g} do

forj=1to [logn] do

if Gmod 2~ =0and 2i + 2" '< p +1 then
if A[2i — 1] < A[2i-1+2 "] then A[2i — 1] = A[2i-1+2~ '] end if
end if

end
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Lemma 3. Algorithm 3 can be executed on EREW-PRAM in

o((ZX +2log p)x (g —1)) time.
p

Proof. 1t is known that finding the maximum can be finished in linear time with the
number of items. In our algorithm, each processor takes O([(n-1)/p]) time to find the
longest edge from its [(n-1)/p] edges. The time needed for running subprocedure
BROADCAST [12] and MAXIMUM are both O(log p ). To obtain ¢ clusters from

the n input points, the circle will have to be run for g — 1 times. Thus the total time for
n

running the algorithm 3 is O( (—+ 2log p)X (g —1) ). Obviously, as we almost
p

evenly divide the array TREE[n — 1] into p blocks, and the subprocedure MAXIMUM
is designed to perform on EREW, there is no memory conflicts in algorithm 3.

After pruning edges from the MST, the final step to cluster n objects is to decide
which points are in the same cluster. In fact, there left g connectivity components or
subtrees after performing pruning procedure. So the task of this step is finding the g
connectivity components. Parallel connectivity algorithms had once been extensively
researched in past years, and there are many such parallel algorithms [15,16]. For
more details on the parallel algorithms for this problem, one can refer to [15,16].

However, none of these algorithms are of our need in the case that the graph has
become a forest which is saved as an array TREE[n — 1], either for their not having
adaptivity, or for their time complexity. Therefore, we designed a new parallel
connectivity algorithm to our need, which is both adaptive and without memory
conflicts.

In our algorithm for finding the ¢ connectivity components or clusters, an array
D(n) is defined, which is used to store the number of the connectivity components,
and at first it is initialized as D(i) = i. After the algorithm is performed, if node i and j
are in the same cluster &, then D(i) = D(j) = k. for the convenience of describing the
algorithm, assume that all edges of the forest are saved in array TREE[n — 1] from
TREEJO] to TREE[n — g — 1]. If this condition is not satisfied, one can easily do this
with O(n) time.

Algorithm 4. Algorithm for finding the ¢ connected components of graph G

begin
for all processor P; where 1<i < p do

for u= |:£:|><(i—1) +lto {i}xi do
p p
D(u)=u
for i=0ton—g—-1 do

v;= TREE[i][1] and v,, = TREE[i][2]

if />m then D(l) = D(m)

else D(m) = D(l)

end if

call Procedure FIND

end
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Procedure FIND(, k)

for all processor P; where 1<i < p do
find all D(¢) from D[n/pXi] to D[n/pXi+ n/pX (i + 1) — 1] where D(¢) = j
D)=k

In algorithm 4, after the first cyclic is performed, the array D(n) is initialized, and
the corresponding relation of array D(n) with the vertexes of the graph G(V, E) is
depicted in Figure 2.

Fig. 2. The corresponding relation of the initialized array D(n) with all vertexes

While in the second cyclic, if two vertexes connected by the current input edge are
xi; and x; (ie., TREE[k][1] = x;;, and TREE[k][2] = x;), then the value of ith element
of array D, D(i) will change into i — 1, as Figure 3 shows.

1 ‘ 2 ‘ 3 ‘ o ‘ -1 -1 ‘ .. n-1 ‘ 7
L e

Fig. 3. If an edge (x;.;, x;) appears in the forest, the value of array D will be altered

If this is the case happened, the Procedure FIND is called to alter the values of all
array elements whose value is being i to i — 1, for it is possible that one edge in the
forest connecting v; and v; (j > i) is processed before edge (x..;, x;). There are only n —
q edges in forest, so after these codes are performed for n — g times, the label number
stored in array D(n) is the number of cluster. While for certain cluster, all sequence
number of array D(n) having same array element are the corresponding vertexes of
this cluster.

Lemma 4. Algorithm 4 can be performed in O(n’/p) time with p processors on
PRAM-EREW where p < n.

Proof. The first cyclic can be finished in O(n/p) time. Since the subprocedure FIND
takes at most O(n/p) time, the second cyclic will take O((n — g) X n/p) time. Thus the
total time to perform algorithm 4 is O(n/p) + O((n — q)Xnlp) = O(nz/p). As in the
whole performing stage, all processor only read data from its memory units, and at the
same time there are no different processors write into the same memory units. It is
obvious that the algorithm can be performed on PRAM-EREW model.
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2.4 The Proposed Parallel Hierarchical Clustering Algorithm

So far, we have finished the three steps of hierarchical clustering. Now combined the
above four algorithms, one can obtain the parallel hierarchical cluster algorithm,
which is based on the EREW model, and totally without memory conflicts.

Algorithm 5. Parallel algorithm for hierarchical cluster based on EREW

Step 1. perform the parallel algorithm for computing the adjoin matrix.
Step 2. perform the algorithm for producing the MST.

Step 3. perform the parallel pruning edge algorithm.

Step 4. perform the algorithm for recognizing connected components.

Theorem 1. Clustering n input points can be finished in O(n’/p) time with p
processors on EREW-PRAM model.

Proof. Following the lemmas 1 to 4, the total time needed to perform the proposed
n

parallel cluster algorithm is 7 = n’/p + n’/p + ((— + 2log p) X (g —1) ) + n*/p. Notice
p

that in algorithm 2 and 4, the number of processors are limited in the range of
n

I1€p< and 1< p <n respectively. At the same time, the number of the needed

logn
clusters g satisfies that ¢ < n. Thus the total time to perform the parallel clustering
algorithm is bounded by O(n’/p). Since algorithms 1 to 4 are all based on SIMD-
EREW model, it is obvious that the proposed parallel algorithm can be performed on
EREW-PRAM. And it is also shown that in this algorithm, all memory conflicts
which may happen among different processors are avoided.

3 Performance Comparisons

For the past years, hierarchical clustering has been extensively researched, and there
are many parallel algorithms for it on different models, for example the algorithms in
literature [2,3], [7-8,17]. These algorithms are mainly based on SIMD parallel
computation models. Following the previous researches, the performance comparison
will be described in terms of time-processor tradeoff, i.e., the cost of the parallel
algorithm[9"0]. Rasmussen and Willett [5] were the first to discuss parallel
implementations of clustering using the single link metric on a SIMD array processor.
But they can not decrease the O(n”) time required by the best serial implementation.
Li and Fang [6] also presented parallel algorithms for hierarchical clustering using the
single link metric on an n-node hypercube and an n-node butterfly. However, The

time needed in their parallel algorithm is O(nz), too [6]. Later, an O( n’ )-time 7 -

processor SIMD shuffle-exchange network algorithm has been given by Li [7]. Olson
[2] showed that parallelism could accelerate to solve larger instances of this problem.

Their algorithm runs in O(nlogn) time by allowing processors to currently

ogn
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access O(n”) units in shared memory. E. Dahlhaus’s efficient parallel algorithm [3] for
single linkage clustering runs in O(logn) time with O(n) processors on CREW-

PRAM under condition that the a Minimum Spanning Tree of the n input points is

given. Another PRAM algorithm recently presented by Rajasekaran [4] runs in
2

O(logn )-time using CRCW processors, resulting to an O(nz) computation

ogn
cost.

The common characteristic of most of the above algorithms is that they are all
based on the CRCW or CREW models, and thus there exist memory conflicts among
different processors when they access the same memory units concurrently. Although
It has been shown that every CREW or CRCW algorithms that require 7(L) time
using P(L) processors (where L denotes the size of input or output data) can be
transformed into an EREW algorithm which requires time O(T(L)log L) still using

P(L) processors [10]. Since our proposed algorithm is designed for EREW model,
hence. In practical, in according to the definition of cost for parallel computation [10],
the cost of our algorithm is only 1/(logn) of the algorithms in [2,3,4]. Secondly, like
the algorithms in [9,12,13], the number of processors in our algorithm can be adjusted
from 1 to 1/(logn) in accordance to the scale of the problem and actual computation

condition, while keeping the computation cost unchanged. It can provide the
probability for clustering very large datasets. Therefore, according to the definition in
[9,10,12], our algorithm is adaptive or scalable.

For the purpose of clarity, the comparisons of the mentioned parallel algorithms
which are based on SIMD model for hierarchical clustering are depicted in Table 1. It
is obvious that our parallel algorithm outtakes undoubtedly other parallel algorithms
in the overall performance.

Recently, M. Dash etc [17] present a parallel algorithm for hierarchical clustering,
and this algorithm has good theoretical and experimental performance as compared
with the relevant algorithms, but that algorithm is not based on SIMD models and

Table 1. Comparisons of the parallel algorithms for Hierarchical Clustering

algorithms Model Time Processor Adaptability Cost
Sequential [2] sequential 0 () 1 no o)
Rasmussen and 2 2
CRCW O (n) n/logn no O (n)
Willett[5]
o )
S.Rajasekaran[4] CRCW 0 (logn) no O (n°)
/logn)
SIMD o
Li and Fang[6] O(nlogn) n no 5
hypercube (n*logn)
. SIMD 2 3
Li[7] o(n”) n no o(n’)
shuffle-exchang
Olson[2] CRCW 0 (nlogn) n/logn no 0 ()
Dahlhaus[3] CREW O(n) n no o)

Ours EREW 0()12/p) P yes omn?
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their metrics for distance are centroid method. Although their method is valuable on
improving the practical performance of clustering algorithms, theoretically, it is not
comparable with our proposed algorithm.

4 Conclusions

Based on the EREW-SIMD machine with shared memory model, a new parallel
algorithm for hierarchical clustering is proposed. The proposed algorithm use p,

1<p S]L, processors to clustering n objects in O(n’/p) time, resulting to O(n?)
ogn

computation work which is by far the lowest in serial way. Since the number of

processors in our algorithm can be adjusted in the range from 1 to n /logn according

to the available computation resources and the scale of the problem to be processed,
our algorithm is adaptive[9,10]. To our knowledge, it is the first parallel algorithm in
the sense of both without memory conflicts and adaptive for the hierarchical
clustering on PRAM model.

On the other hand, although the number of processors in the proposed algorithm
can be adjusted, we still can’t rely on this kind of algorithms to solve the large scale
clustering instances, for it is not possible to construct such shared memory computers
with a large number of computers. Although presently M. Dash etc s’ algorithm are
also performed in shared memory multiprocessor system (MIMD) [17], the number of
processors is not large enough to clustering large scale datasets, especially to cluster
gene data clustering. Since the supercomputer systems are mainly based on cluster
technology now, it is a worthwhile work to investigate on feasible parallel algorithms
based on present main distributed memory system.

Acknowledgments. This research was supported by the National Natural Science
Foundation of China under Grant No. 60603053 and the Key Project of Education
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Abstract. Efficient exploitation of the aggregate resources available to
a researcher is a challenging and real problem. The challenge becomes all
the greater when researchers who collaborate across functional or admin-
istrative domains need to pool their disjoint heterogeneous resources to
achieve their objectives. Support tools are becoming available for these
ad hoc resource integration and sharing scenarios. The focus of this pa-
per is the identification of suitable deployment and usage strategies when
using the workflow approach with these tools. In particular, we present
a novel two-level peer-to-peer model for dynamic resource aggregation
that operates entirely at the user level. This sidesteps the need for sys-
tem level middleware and administrative support. This paper presents
our strategy, the underlying framework and the workflow expression and
evaluation semantics.

1 Introduction

Much research is conducted in environments where there exist multiple indepen-
dent resources and multiple dynamic groups of occasionally collaborating users
with varying levels of access to subsets of those resources. Resources may be widely
distributed and have very different architectures and administrative policies. Such
environments evolve naturally within and among academic and industrial research
facilities. These sites are typically funded departmentally yet collaborations may
span departmental or other administrative or functional borders.

Without a large-scale, ongoing and predictable pattern of collaboration there is
little motivation to implement and maintain a computational grid [I] solution to
the problem of resource aggregation. Even if such a solution were provided it may
not be optimal for many classes of problem; the grid model of distributed comput-
ing is largely focused on high throughput batch processing and not easily tuned
to support other priorities such as deadline or interactive (steered) processing.

R. Perrott et al. (Eds.): HPCC 2007, LNCS 4782, pp. 108 2007.
© Springer-Verlag Berlin Heidelberg 2007
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In such scenarios there is a need for lightweight user-level tools that facilitate
dynamic resource aggregation while ensuring the efficient use of resources. Such
tools are emerging, yet the availability of tools that facilitate resource aggrega-
tion is not in itself enough to guarantee efficient resource usage and sharing.

This report presents our use of the Webcom system [2], [3], [4] to aggregate
and abstract distributed heterogeneous resource sets. These resources are typi-
cally under the control of different administrators and in active use by different
research groups for a diverse range of application types. We demonstrate our use
of Webcom as a tool for resource aggregation using a novel two-level peer-to-peer
Overlay Metacomputer model.

This paper makes the following contributions,

1. We propose a methodology for the dynamic aggregation of disjoint indepen-
dent resources. The aggregate resource set behaves as a distributed virtual
machine that interprets a common workflow expression format on all plat-
forms, thereby abstracting site differences. Our model provides a locality-
aware peer based system for load balanced workflow execution. This ap-
proach relies solely on user-level access to resources and does not depend on
any particular middleware or uncommon site policies.

2. We present our workflow expression and execution tools built on top of
the Webcom graph evaluation engine. With these tools we can make use
of Webcom’s unique semantics and task distribution capabilities to achieve
efficient workflow evaluation.

3. We present results of tests of our model, using both synthetic and real appli-
cation examples in a real and very heterogeneous environment consisting of
distinct and independently administered resources of different architectures
with only partially overlapping user communities.

The rest of this paper is organised as follows. In section [2] some background
details are presented to put our current report in context. The approach taken
is detailed in section Bl A motivating example is presented and discussed in
section [l Initial results of experimental evaluations are presented in section
Related work is discussed in [fl We close this report by presenting conclusions
and outlining future work targets in section [1

2 Background

Webcom is based on the Condensed Graph (CG) model of computing [5]. A
CG is a directed acyclic graph (DAG) with enhanced semantics. Each node in
a CG is an executable entity. A node may represent a single instruction or an
entire graph that has been condensed (abstracted) to node form. Certain nodes
affect the flow of control (e.g., the conditional node) and, used in conjunction
with CG edge semantics, direct the order of graph evaluation. The CG model
is intended to give the programmer the benefits of both the control flow and
data flow models of computing in a single system. Webcom is implemented as a
peer-based CG evaluation engine; a distributed virtual machine that interprets
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the CG language. A detailed description of Webcom is presented in [4]. Webcom
is implemented entirely in Java to increase its portability. Our work focuses on
implementing workflow via Webcom, and analysing suitable deployment strate-
gies for different application and environment types, to support the development
of real applications with Webcom.

3 Approach

This section presents the runtime organisation and workflow expression strate-
gies of our model. These have been designed to leverage the capabilities of the
Webcom framework and the features of the CG model to support application
deployment in heterogeneous computing environments.

3.1 Runtime Topologies

Our approach to resource aggregation consists of constructing a two level over-
lay network across the available independent resources. When combining mixed
resources including stand-alone machines, Condor pools [6], [7], and clusters con-
trolled in space sharing mode, a top level ring links the sites. This is in keeping
with the work presented in [8] where it was shown that a peer-to-peer ring of
Condor pools proved an efficient, scalable and fault tolerant method to connect
sites. This top level ring is set up by starting the Webcom service at each site
using the site’s task submission interface. These Webcom instances connect to
each other forming the top level Webcom world.

Systems have been reported in the literature that use Ring (e.g., Chord [9] and
Tapestry [I0]), and Balanced Tree [I1] based topologies. The Webcom system is
in this sense ‘model free’; machines can be connected in any of these structures
or combinations thereof. We exploit this fact to group peers in the topology best
suited to their characteristics. Overlay strategies for connection management
are well established, with many efficient and robust solutions reported in the
literature [12], [11], [I3], so new topologies are not a strong focus of our current
research. Hence, our illustrative example uses a ring at the top level, rather than
any more sophisticated connection management structure.

Similarly, a site-internal Webcom world is set up at each location using the
processors allocated by the local resource manager as appropriate. The topology
chosen at each site depends on the nature of the site and the number of proces-
sors to be used. In a mixed and widely disbursed or very heterogeneous Condor
pool, a tree topology is suitable as this means less traffic over the network and
less impact to the Webcom world when an individual Webcom is preempted by
Condor [I4], [I1]. At a dedicated space sharing site where preemption is not a
factor and all processors are connected to the same switch, a star topology is
more efficient. There remains the risk of losing connection with the entire clus-
ter, but the loss of an individual node is far less likely than at a cycle scavenging
site. Webcom can also be used to group any number of independent workstations
as it does not rely on the existence of a batch job manager for resource access.
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Fig. 1. An example of a Webcom overlay metacomputer. This example scenario shows
the aggregation of resource from three sites: a Condor pool shown on the left, a PBS
queue on the right, and an SMP machine at the bottom. A top level ring is formed with
these and a stand-alone workstation (at the top of the circle). The latter may act as the
point of submission for the user’s workflow and also contribute to task execution. With
this overlay in place, workflow graphs can be evaluated across the aggregate resource
set, with Webcom providing load balancing across the individual sites and abstracting
underlying differences in platform and topology.

A schematic of the approach is presented in figure [[I This shows a scenario
wherein three sites form a top level Webcom world. Each site hosts an indepen-
dent Webcom world.

3.2 Workflow and Job Description Languages

Expression languages for scientific workflow have been presented in a range of
projects for various systems [15], [16], [I7]. Our workflow and job description
languages make use of the Condor DAGMan syntax and offer the potential to
go beyond its semantics. DAGMan workflows and CGs are both DAG based,
therefore every DAGMan workflow has an equivalent CG representation. The
workflow structure, expressed in the DAGMan language as a collection of jobs in
a parent/child hierarchy maps to an equivalent shape CG. As Webcom facilitates
flow control with conditional execution, iteration, and explicit recursion, it can be
seen as a superset of the DAGMan language. Mapping the semantic concepts of
Condor/DAGMan to the Webcom equivalent, as the two systems have radically
different deployment architectures, requires the use of specific Webcom nodes
designed to handle particular Condor job types. Figure [2 shows a synthetic
example application.

Our Webcom based workflow strategy uses three layers of condensation in
each workflow. The top layer is the workflow shape; the middle layer provides
exception handling. This is built into the graph expression making exception
handling a fully distributed part of workflow execution. The lowest layer shows



112 O. Curran et al.

Top level workflow:
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Fig. 2. Workflows are implemented as a set of graphs with this pattern of condensation.
The top level graph expresses the logical sequence of tasks in the workflow. The middle
layer provides exception handling using Webcom’s flow control operators and lazy
evaluation semantics. The lowest level graph uses Webcom’s ability to add nodes to a
graph at runtime, using an enumeration node, dynamically creating a cluster of one or
more jobs.

the mapping from workflow task expression (attribute/value pairs) to graph.
When one of these graphs is executed on a Webcom worker, the “Parse” node
downloads the job definition from the submission site and generates a set of
parametrised job entities. These are passed to the “Gen” node who generates a
set of work execution nodes (instances of “Exec”), feeding each its own version
of the job description. This allows for site specific and task specific information
to be calculated when and where appropriate. This deferred approach to task
interpretation means that task definitions can change after submission of the
initial workflow. In the event of a task’s failure, its children must not attempt to
execute and the workflow should be aborted. In the absence of a central point
of control (fully decentralised workflow execution), where the tasks have been
submitted to the workflow system and are pooled for execution, conditional
execution of child nodes is used. The condition for execution of a child node
is the successful completion of all parents. Failure of a parent results in the
propagation of trace data through the graph that facilitates fault detection and
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re-running of the outstanding tasks. This behaviour is guaranteed by the lazy
evaluation semantics of the CG model. The nodes containing the task execution
logic are only evaluated when needed. If all parents are not fully successful, the
child task is not needed and so needless resource consumption is minimised.

4 Example Application

As part of the Webcom project we are collaborating with the Medical Physics
department of the University College Hospital Galway (UCHG) in an ongoing
effort to develop a distributed Radiation Treatment Planning (RTP) workflow
solution based around the use of a Monte Carlo (MC) radiation transport sim-
ulation package.

The use of the MC technique in medical physics has become increasingly
common. In radiotherapy, it is widely accepted that MC is the most accurate and
general calculation method available [I§]. A number of review articles exist on
this topic [19], [20], [21]. The main drawback of this method is the time involved.
The more traditional, but less accurate [22], solutions such as the pencil beam
[23] or collapsed cone [24] calculation will take minutes to perform on a standard
desktop. A MC calculation can take days to complete. Our objective is to provide
MC based results in a time-frame that makes MC a viable option for clinical use.

The full workflow for this application involves data transport, the acquisition
and generation of simulation model input data, preparation of executables for dis-
tribution based on currently available resources, the simulation itself, result accu-
mulation and verification, format translation, and visualisation. This application
and our approach to it are described fully in a forthcoming paper. The purpose of
this overview is to demonstrate the applicability of our resource aggregation ap-
proach and workflow model to very real and computationally intensive problems.

4.1 Application Requirements

The main computational step in the RTP workflow is the MC phase. However,
there are significant data input and output issues. An accurate run of the sim-
ulation results in the transport, analysis and visualisation of approximately 20
GB of data. Runtimes are dependent on a number of user specified parameters;
a usable result can be generated in 70 to 100 CPU hours. A clinical time-frame is
in the order of one to three hours. Providing medical rather than computational
science experts with the necessary computational power in a flexible, reliable
and accessible manner is the central challenge of this application. Our approach
answers that challenge by facilitating the harnessing of disjoint resources on-
demand, and ensuring the efficient use of those resources.

4.2 Application Environment

Due to the interdepartmental nature of our research group, a mixed collection
of resources are accessible for use. These include a 64 processor cluster (32 dual
Intel Xeon 2.4 GHz processor machines with two GB of RAM per machine)
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managed by Torque [25] [26] and Maui [27] in space sharing mode, a very het-
erogeneous Condor pool featuring high end graphics workstations (two dual-core
AMD Opteron processors with 16GB of RAM), more modest Linux worksta-
tions, and general purpose laboratory machines (Intel Pentium IIT and Pentium
IV based machines with between 128MB and 384MB of RAM running Windows
2000 or Windows XP). Added to this there is a 16 CPU AMD Opteron SMP
machine with 32GB of RAM, partially managed by Torque/Maui and donat-
ing spare cycles to the Condor pool. Other independent (typically midrange)
workstations are managed directly as Webcom clients.

4.3 Discussion

None of these resources alone can provide the computational needs of the ap-
plication due to queue lengths, policy restrictions, or a combination of these
and other factors at individual sites. The benefit of our approach is the ease
and consistency with which the available resource subsets at each site can be
harnessed into an efficient and powerful metacomputer suitable for the process-
ing of the application workflow. Users can drive the application from a portal
that supports parametrisation of the workflow and the upload of patient- and
treatment plan-specific inputs. Progress can then be steered based on the expert
user’s interpretation of intermediate results.

Waorkflow Overhead
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Fig. 3. A sequence of decompositions for a parallel application. The ‘Java’ timings
show the basic performance of a 16 way parallel application. The ‘1x16’ arrangement
refers to a one node workflow version of the application. The ‘2x8” arrangement uses
two nodes, each of which executes eight threads at the application level. The ‘16x1’
set of timings show the performance when the parallelism of the application is entirely
exposed at the workflow level. In all cases, for all task durations, the cost of workflow
expression is approximately two or three seconds.
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5 Evaluation

The basic performance of Webcom as an efficient resource manager and graph
execution engine is shown in figure Bl This experiment shows Webcom’s perfor-
mance when executing different workflow expressions of a parallel application.
The test application simulates a scalable job capable of being decomposed into
different arrangements. As the decomposition becomes increasingly fine grained
with more of the parallelism exposed at the workflow level (rather than the
application logic level), the overhead of graph management remains reasonably
constant, with execution times as short as 15 seconds.

The RTP application is scalable and can be tuned dynamically to the available
resources such that each node in the MC phase has approximately the same run-
time. Figure @ shows the results of executing the MC phase of the RTP workflow
over a dynamically aggregated collection of 165 processors from different sites.

Start Tine vs Conpletion Time
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Fig. 4. A plot of start times to finish times for different decompositions of the radiother-
apy workflow executed over a collection of 165 machines using our resource aggregation
strategy to combine resources controlled by different managers including Condor and
PBS, in conjunction with stand-alone machines running the Webcom service. The ar-
rangement of 800 jobs shows the best performance as it is capable of making use of all
available resources. The smaller decompositions expose less parallelism at the workflow
level and consequently fewer machines are used, leading to longer execution times for
each job and consequently longer workflow execution times.
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This shows that the more fine grained decompositions of the task, which equate
to a larger number of shorter jobs, results in better completion times. One rea-
son for this is that the overall impact of jobs that are delayed on non-dedicated
machines is greatly reduced as each individual job represents a smaller fraction
of the overall workflow. The efficient handling of large parallel workflows over
mixed machines, demonstrates the utility of our approach.

6 Related Work

This work builds on investigations conducted in many areas related to task and
resource management. Pinchak [28] describes an approach to building a load
balancing meta-queue over a set of independent batch processing sites using the
concept of a placeholder task, inserted into each site’s queue, whose purpose is
to pull down instructions from a work server and execute tasks using the queue’s
resources. Our work is conceptually similar in that we use multiple independent
sites to form a metacomputing platform by overlay. However, the work in [28]
and [29] (the latter presents a DAG oriented extension to server) achieves load
balancing via self-scheduling workers that pull tasks from a single master site
following a fixed eager strategy. The Master/Worker (MS) model of work distri-
bution, as used in [28], is popular and well suited to certain classes of problems.
However it is not necessarily the most scalable model as the master’s ability
to dispatch work and collect results can prove a bottleneck [30]. The use of hi-
erarchical MS topologies has been studied as a step towards dealing with the
scalability issue [3I]. A fundamental difference between [28] and this project is
our use of the peer-to-peer model [32] to achieve greater scalability.

Other systems offer a single package solution for resource aggregation and work-
flow execution, e.g., the Java CoG kit [33] offers the ability to use a suite of resource
access protocols including Globus [34], SSH [35], and web services, for workflow ex-
ecution. Java CoG kit is built on the client /server model with pre-packaged com-
ponents for interacting with various resource managers. Workflow is defined and
managed using graphical or script languages that are translated to an XML-based
intermediate representation. Our work differs as we use a multi-level P2P over-
lay abstraction for resource aggregation to increase scalability and robustness. In
addition, as our approach is based on a graph-oriented model of computing that
provides a strong theoretical basis from which to reason about the execution of
workflow graphs. This model also provides conditional and iterative execution,
recursive graph definitions, and combinations of lazy and eager evaluation strate-
gies, which we leveraged to achieve decentralised exception handling.

The use of heterogeneous resources introduces the problem of platform de-
pendence; we have tackled this problem using concepts developed within the
Condor project [6], [7]. Condor supports cycle harvesting across heterogeneous
non-dedicated resources to implement a distributed batch system focused on
high throughput computing [36], [37]. Our technique uses the job and workflow
description languages developed in Condor and incorporates ClassAd [38] match-
ing with novel worker filtering techniques to achieve task to resource matching.
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Support for the expression and correctly ordered submission of dependency con-
strained job collections, or workflows, is implemented in Condor via the DAG-
Man tool [39]. DAGMan is a user level tool whose purpose is to ensure that jobs
are submitted in dependency-preserving order; it exerts no influence on Condor’s
placement and scheduling behaviour. Condor is batch-oriented and assumes that
jobs are independent of each other; DAGMan proceeds as a Condor client, work-
ing on behalf of a user, submitting jobs when all their dependencies have been
satisfied. Blythe et al. [40] discuss the impact of this lack of workflow awareness
at the scheduler or task allocation level; excessive or redundant input and output
transfer is identified as an issue with the Condor/DAGMan approach. Our ap-
proach is built on the Webcom graph evaluation engine and so the scheduler has
access to all the inter-task dependency information in the workflow expression.

7 Conclusions and Future Work

In this paper we have described our approach and methodology for resource
aggregation and collaboration support. The problem of integrating the diverse
and distributed heterogeneous resources available to researchers has been tackled
with a user-level overlay metacomputer. In addition, we have described the usage
of our tools designed to support workflow execution in a dynamic peer-to-peer
context. Initial results from both simulation and real applications have been
presented to illustrate the efficiency of our model.

The purpose of this work is to support the development of solutions to real
problems; these problems exhibit significant data and computational require-
ments. The solutions proposed herein are capable of exploiting the aggregate
computing power of disjoint resource sets. Our future work will involve further
optimisation of the tools discussed and support for dynamic task priority man-
agement, as well as enhancements to the automation of topological structuring
and restructuring of Webcom overlays.
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Abstract. View-Oriented Parallel Programming(VOPP) is a novel pro-
gramming style based on Distributed Shared Memory, which is friendly
and easy for programmers to use. In this paper we compare VOPP with
two other systems for parallel programming on clusters: LAM/MPI, a
message passing system, and TreadMarks, a software distributed shared
memory system. We present results for ten applications implemented
and optimized using all the three systems. Experimental results demon-
strate that VOPP is almost as efficient as Message Passing Interface
when running on up to 32 processors, which means there is significant
performance improvement compared with TreadMarks. The factors con-
tributing to the performance of VOPP are discussed and analyzed. VOPP
is still slower than MPI when the number of processes is large because
of extra messages for separate synchronization and lack of bulk transfer
mechanisms.

1 Introduction

Software distributed shared memory systems provide a shared memory abstrac-
tion on top of the native message passing facilities. It leaves the chore of message
passing to the underlying DSM systems so that it is easier to program. How-
ever, DSM systems tend to generate more communication and therefore be less
efficient than message passing systems [14].

View-Oriented Parallel Programming(VOPP) [3] is a programming style based
on distributed shared memory. Traditional DSM systems like TreadMarks [I]
are far from efficient compared with Message Passing Interface [7]. The reason
is that programs written in MPI can be finely tuned by reducing unnecessary
message passing. As we know, message passing is a significant cost for parallel
applications, which is also true for DSM programs. Programmers cannot help
reduce messages with traditional DSM systems as consistency maintenance of
the underlying systems deals with the whole shared memory space.

We propose a novel VOPP programming style for DSM applications which op-
timizes DSM performance by introducing a new consistency maintenance protocol
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VOUPID [4] and allows programmers to participate in performance tuning by wise
optimization of data allocation. VOPP programs perform much more efficiently
than TreadMarks. The performance gain is two-fold. First, the consistency main-
tenance for views reduces unnecessary messages and unnecessary data. The consis-
tency maintenance protocol VOUPID solves the diff accumulation problem which
limits the performance of TreadMarks. Second, VOPP enables programmers to
tune the performance by wisely partitioning views.

Our ultimate goal is to make VOPP performs as efficiently as MPI. So far, the
performance of VOPP is comparable with MPI and they are almost as efficient
as each other while running on less than 32 processors. In this paper, we are
going to compare VOPP with TreadMarks and MPI in terms of performance
and investigate the factors contributing to the performance of VOPP.

Contributions of this paper include:

1) We use 10 applications for performance evaluation. The result presented
in this paper is more convincible than the previous research which only used 4
applications. 6]

2) We perform a detailed performance analysis between VOPP, MPI and
TreadMarks and reveals that VOPP could achieve comparable performance with
MPI when the number of processes is up to 32. The performance of VOPP is
not as good as MPI when the number of processes is larger than 32. Then main
reasons are extra messages for separate synchronization and lack of bulk transfer
mechanisms.

The rest of the paper is organized as following. In section 2 we briefly de-
scribe the VOPP programming style. In section 3 we evaluate the performance
of VOPP by comparing it with TreadMarks and MPI. The reasons of the results
are also discussed and analyzed. Finally, we conclude our work and summarize
the usability and programmability of VOPP.

2 View-Oriented Parallel Programming

In the View-Oriented Parallel Programming(VOPP) style, programmers should
divide shared data into views according to the memory access pattern of the
parallel algorithm. A view [3] consists of data objects that require consistency
maintenance as a whole body. Views are indicated through primitives such as
acquire_view and release_view. Acquire_view means acquiring exclusive access to
a view, while release_view means finishing the access. In addition, acquire_Rview
and release_Rview are provided for read-only accesses. The read-only access
primitives can be called in a nested style while other access primitives can-
not. By using these primitives, programmers are now focusing on the access of
shared data rather than synchronization and mutual exclusion.

Views are defined implicitly by programmers in their mind. Therefore, it is
convenient for programmers to use the shared data and optimize the programs
by wisely partitioning views. Views cannot overlap each other and they are un-
changeable once they're defined. A view can only be accessed when the primitives
are used.
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Programming in VOPP style, programmers can enjoy the convenience of ac-
cessing shared data with almost ordinary read and write operations. Program-
mers don’t have to determine what to communicate as the message passing is
left to the underlying system. Furthermore, by dividing shared data into views,
VOPP allows programmers to participate in performance optimization.

Much work has been done in the previous papers [354] to introduce optimiza-
tions in VOPP compared with traditional distributed shared memory systems.
In the following section, we will describe our recent work on VOPP.

3 Performance Comparison

In this section, we present our experimental results of 10 applications. All appli-
cations in our experiment are coded in VOPP, TreadMarks and MPI respectively.
Our DSM system, optimized VODCA[IH], is used to run the VOPP programs,
Traditional DSM system, TreadMarks, is used to run the TreadMarks programs
and LAM/MPI V7.1 is used to run the MPI programs.

The applications used in our experiment include Gauss, Integer Sort(IS), Suc-
cessive Over-Relaxation(SOR), Neural network(NN), Water, Traveling Salesman
Problem(TSP), Barnes-Hut, BT, CG and MG, which are mostly chosen from
SPLASH-2 benchmark suite [I2] and NAS Parallel Benchmarks(NPB) [13].

Our experiments were carried out on a cluster with Infiniband interconnec-
tions, running Linux 2.6. Each node has two 1.6GHz processors and 4 Gbytes
memory. The page size of the virtual memory is 32 KB.

3.1 Improvement on VODCA

As we know, barriers incur many messages, especially when the number of pro-
cesses increases. Furthermore, every process often waits for the slowest process
as there is synchronization when barrier is called. It significantly slows down the
parallel program if barriers are frequently called.

The source files of VODCA V1.0.1 can be downloaded from the web site
http://vodca.otago.ac.nz/. Barriers in this VODCA totally rely on the work of
the Vdc_barrier_manager, which is running on proc 0. When a barrier function is
called, every process sends a barrier requirement to proc 0 and then waits for an
end-of-barrier reply from Proc 0. We therefore could conclude that the barrier
manager has too much burden that it is the bottleneck of the whole barrier
process.

We implement the barrier with the binomial-tree model[I1] whose complexity
is just O(logN) instead of the O(N) of the original linear model. As a result
the barrier time on 64 processes in the cluster we mentioned above is 623.8
microseconds, which is 17% faster than the original implementation. When the
number processes increases, it is expected that our new barrier implementation
could outperform the original VODCA implementation more significantly due
to the complexity difference.
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3.2 Performance Overview

Gauss implements the gauss elimination algorithm in parallel. The matrix size
of Gauss is 8000*8000 and the number of iterations is 1024 in our tests. The
TreadMarks Gauss program has the false sharing effect. The VOPP version has
significantly improved the performance by removing the false sharing effect with
local buffers. The speedup of Gauss is shown in Figure [Tl
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Fig. 2. Speedup of IS

IS ranks an unsorted sequence of N keys using bucket sort and the problem
size in our tests is (227*2!7,40). The speedup of IS is shown in Figure 2l

SOR uses a simple iterative relaxation algorithm with a two-dimensional grid
as input. Every element is updated to a function of its neighbors’ values in
each iteration. We use local buffers for those infrequently-shared data in our
VOPP programs. In contrast, we use shared memory (a set of views) for those
frequently-shared data such as the border elements. In our tests SOR processes
a matrix with size of 8192*%1024 in 100 iterations. The speedup of SOR is shown
in Figure

NN trains a back-propagation neural network in parallel using a training data
set. The VOPP version of NN uses local buffers for infrequently-shared data
and acquire_Rview for read-only data. The acquire_Rview for read-only data is
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very important for the VOPP program. The size of the neural network in NN is
9*40*1 and the number of epochs taken for the training is 1024. The speedup of
NN is shown in Figure [l

Water from the SPLASH-2 benchmark suite is a molecular dynamics simu-
lation program. The bulk of the inter-processor communication happens during
the force computation phase. Each processor computes and updates the inter-
molecular force between each of its molecules and each of n/2 molecules following
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it in the array in wrap-around fashion. The data set we used is 1728 molecules
and 5 steps. The speedup of Water is shown in Figure [l

TSP solves the traveling salesman problem using a branch and bound algo-
rithm. We solve a 19-city problem with a recursive-solve threshold of 12. The
speedup of TSP is shown in Figure

Barnes-Hut from the SPLASH-2 benchmark suite is an N-body simulation us-
ing the hierarchical Barnes-Hut Method. We run Barnes-Hut with 32768 bodies
in our experiment. The speedup of Barnes-Hut is shown in Figure [7

BT creates a binary tree with a depth of 9. It keeps all those unexpanded
nodes by using a task queue. The speedup of BT is shown in Figure 8l

CG from NAS Parallel Benchmarks implements conjugate gradient algorithm.
The data set we used in the experiment is 15 niter and 11 nonzer and 14000 nn,
which is defined as LARGE problem size. The speedup of CG is shown in Figure[l

MG, which comes from NAS Parallel Benchmarks, solves a poisson problem
on a 128 by 128 by 128 grid, using 20 multigrid iterations. The speedup of MG is
shown in Figure[I[0l Speedup results for these applications are shown in Figurd]]
- FigurdIQl These figures show the relative speedup of the 10 applications written
in different styles running in the same hardware environment while the number
of processes increases. Programs of TreadMarks slow down significantly when
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running on more than 8 processors. Comparing the speedup of TreadMarks,
VOPP and MPI on 32 processors, we can find that the performance of VOPP
is much better than TreadMarks and it is nearly the same efficient as MPI.
However, when running on more than 32 processors, some of VOPP programs
including Gauss, NN and CG slow down and there are obvious performance gaps
between VOPP and MPI. In contrast, SOR and Barnes-Hut of VOPP perform
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better. For the rest five programs, there are very small performance gaps between
VOPP and MPIL.

3.3 Factors Contributing to the Performance of VOPP

Most of the differences in speedup and communication requirement between
TreadMarks and MPI are a result of TreadMarks’ lack of bulk transfer, extra
messages for separate synchronization(barriers), false sharing and diff accumu-
lation [QUT0IT4]. Contrastively, there is no false sharing in VOPP programs, as
the views access are not nested and VOPP has succeeded in solving the problem
of diff accumulation by introducing the new consistency maintenance protocol
VOUPID [1g].

Table 1. 32-Processor Total Messages for TreadMarks, VOPP and MPI

program TreadMarks VOPP MPI
Gauss 2138734 1849612 247969

IS 239082 247682 39680
SOR 57850 49380 12400
NN 717741 696551 37355
Water 72800 65200 3760
TSP 74269 52276 5736
Barnes-Hut 604004 579006 1040
BT 52700 48200 7800
CG 84468 74849 12480
MG 125782 117601 21920

Table [[] and Table 2 provide figures for the number of messages and the
amount of data exchanged when the programs are running on 32 processors. For
TreadMarks and VOPP programs, we count the total number of messages and
the total amount of data transferred. While for the MPI programs, we count the
number of user-level messages and the amount of the user data sent in each run.

Table 2. 32-Processor Data Transferred(KB) for TreadMarks, VOPP and MPI

program TreadMarks VOPP  MPI
Gauss 23853491 7994304 7936991

IS 4012643 1318835 1300234
SOR 179728 52890 50840
NN 1603279 500457 282970
Water 91476 36942 36758
TSP 13925 171 168
Barnes-Hut =~ 296320 208843 202560
BT 2383 816 761
CG 2884 1153 982

MG 12460 3752 3740
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In Table [ the two DSM systems, TreadMarks and VOPP require compara-
ble amount of messages in ten different applications. They do not support bulk
transfer either. In TreadMarks and VOPP systems, messages are incurred when
updating shared data which is based on page fault. The messages occur in MPI
programs are not comparable. In table 2 we can easily find the reason VOPP
programs perform more efficiently than those of TreadMarks. By reducing false
sharing and solving diff accumulation problem [3], VOPP programs send signif-
icantly less data when running on parallel systems. There are few unnecessary
data transferred in VOPP programs, compared with those of MPI.

Although performance of VOPP has significantly improved and it is as efficient
as MPI when running on less than 32 processors, we can find some programs of
VOPP slow down when running on more processors. The main factors contributing
to the performance slowdown are overheads of barriers and lack of bulk transfer.

As we point out in 3.1, barriers incur large amount of messages, especially
when the number of processors increases. However, if we compare the VOPP
programs with the MPI programs, we find there are much more barriers in the
VOPP programs [7]. Gauss calls 15998 barriers; IS calls 120 barriers; SOR calls
200 barriers; NN calls 2410 barriers; Water calls 72 barriers; TSP calls 3 barriers;
Barnes-Hut calls 19 barriers; BT calls 2 barriers; CG calls 1186 barriers and MG
calls 484 barriers. In contrast, there are almost no barriers in MPI programs.
Accordingly the performance gaps for Gauss, NN and CG are larger, while for
other programs they are much smaller.

The reason why there have to be more barriers in VOPP programs has been
explained in [5]. Barriers have to be used to make sure the sequential consistency.
In contrast, in the MPI code, there is no need to use a barrier for synchronization,
since the receive primitive is synchronized with the send primitive and is always
finished after the send primitive. To verify the overhead of barriers is a significant
contributor, we run our VOPP programs on two versions of VODCA and compare
them with the MPI version programs. As the largest performance gap occurs in
Gauss program, we choose Gauss for our verification. Firstly, we run Gauss on our
optimized VODCA system with improved barrier in our previous tests, relatively,
we now run Gauss again on original VODCA without improved barrier. Secondly,
we intentionally make the number of barriers in VOPP Gauss the same as that
in MPI version. We run the new Gauss on LAM/MPI, optimized VODCA with
improved barrier and original VODCA without improved barrier.

In Figure[TTl VOPP _orirepresents VOPP program running on original VODCA
without improved barrier. We find the performance gap is obviously larger be-
tween VOPP _ori and MPI when running on 64 processors. Compared with the
performance gap between optimized VODCA and MPI, we can find that there is
obvious performance gain by optimization of barrier.

In Figure[[2] the performance gaps of the modified Gauss become very small.
The MPI curve represents the MPI Gauss with unnecessary barriers. The VOPP
curve represents the Gauss program with less barriers running on optimized
VODCA with improved barrier, of which the execution result is wrong. The
VOPP_ori represents the modified Gauss running on original VODCA without
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improved barrier. The numbers of barriers in each of them are nearly the same. For
64 processors, the speedup gap between VOPP and MPI is reduced from
15 to 3 and the gap between VOPP and VOPP ori is also reduced, from 7 to
about 3.

From the two figures above, we can conclude that the performance slowdown
of VOPP programs is a result of the overheads from barriers. Although our op-
timized barrier performs more efficiently, the overheads of barriers are still the
source contributing to the performance slowdown when the number of processors
increases. We are considering replace barriers with some light weight synchro-
nization primitives.

Like TreadMarks, VOPP does not support bulk transfer. The update of views
is based on pages, which means for large amount of data to be updated, there will
be extra messages to handle access misses. In contrast, MPI is able to aggregate
large amounts of data in a single message. To simulate the effect of bulk transfer,
we define the VOPP page size as a multiple of the hardware page size. By
increasing the VOPP page size, a view is likely to be updated with less page
faults, which means there will be less messages for handling the access miss.

As shown in Table Bl by increasing the VOPP page size, the total number
of messages has been reduced greatly. And the speedup gap of Gauss between
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Table 3. 64-processor messages, data transferred and speedup of Gauss

Gauss VOPP_32KB VOPP_64KB MPI

messages 3921256 2248807 531362
data transferred 17149791 17144611 17026841
speedup 7.376 10.218 22.343

VOPP and MPI becomes smaller. The extra messages incurred by lack of bulk
transfer is another source contributing to the performance of VOPP.

In summary, by reducing false sharing and solving the problem of diff accu-
mulation, VOPP performs much more efficiently than TreadMarks. There are
significantly less data to be transferred. However, the extra messages incurred
by separate synchronization and lack of bulk transfer limit the performance of
VOPP when the number of processors increases.

4 Conclusions

This paper evaluates a novel DSM programming style VOPP for cluster com-
puters. Ten applications of all kinds are converted and optimized under three
different parallel systems, VOPP, TreadMarks and LAM/MPI. Our experimen-
tal results demonstrate that, on a large variety of programs, there is significant
performance advantage of VOPP against TreadMarks and VOPP is now compa-
rable with MPI. The performance of VOPP is nearly as efficient as MPI on less
than 32 processors. We also analyze the factors contributing to the performance
gap between VOPP and MPI. VOPP is still slower than MPI when the number
of processes is large because of extra messages for separate synchronization and
lack of bulk transfer mechanisms.

As a software distributed shared memory system, VOPP is convenient for
programmers to use and it is easy to achieve correctness and efficiency. It only
requires programmers to insert primitives when a view is accessed. Programmers
do not have to determine what to communicate but focus on the implementa-
tion of the parallel algorithm. Besides, programmers are allowed to participate
the performance optimization by wisely partitioning views. For programs with
complicated communication patterns, especially for those with complicated or ir-
regular array accesses or with data structures accessed through pointers, VOPP
shows better programmability than MPI. Our experience indicates that it is
convenient to port traditional DSM programs to VOPP and it is easier to imple-
ment parallel algorithm using VOPP than MPI. Furthermore, the performance
of VOPP is as efficient as MPI for 32 processors and we therefore have another
choice for parallel programming on cluster of computers.
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Abstract. In mobile-AdHoc networks (MANETS), many applications need the
support of layer-structure. Clustering solution is the most widely used layer-
structure and the choosing of clusterheads is the key problem of all. Traditional
ways of clustering lack of instructions of trust mechanisms. This paper presents
a maximum-objective-trust-based clustering solution (MOTBCS), which aims
at the opinion of maximum stable links and energy viewpoint and gives nodes
their objective trust estimation. This solution can be better suitable for the real-
istic working environments for MANETs. We make necessary simulations for
our design and results show that MOTBCS can generate more stable clustering
groups. It also has less communication costs and better efficiency than other
clustering algorithms.

1 Introduction

Mobile ad hoc networks (MANETS) are self-organized wireless networks that are
formed by mobile nodes through distributed protocols. MANETSs can work without
the support of communication infrastructure and such networks are being widely used
in more and more fields. The features of dynamic topology and non-existence of cen-
tral facilities ensure widespread application prospects of them, but at the same time
these features bring about many new problems and challenges. Among them cluster-
ing of nodes is one of the biggest challenges that MANETS are facing with and it is
also a hot spot in the research areas nowadays. Suited clustering solutions can greatly
enhance the practicability and performance of MANETS[1].

Till now, researchers have raised a lot of clustering algorithms and some of them
have been practically used, such as the Lowest-ID Algorithm[2,3], the Highest Con-
nectivity Degree Algorithm[4], Distributed Clustering Algorithm(DCA)[5], Weighted
Clustering Algorithm(WCA)[6,7] and k-hop Clustering Algorithm[8,9]. These algo-
rithms each have different peculiarities and working environments.
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2 Clustering

2.1 Definition of Clustering

MANETS nodes and links can be shown as an undirected graph G(V,E). V denotes
the set of nodes and E denotes the set of links. If there is a link (u, v) LE, that means
node u and v are 1-hop neighbors and they can communicate with each other directly.
What we want to do is to choose a group of cluster-head nodes. They and their 1-hop
nodes make up of the whole network.

Definition 1. The number of node Vi’s 1-hop neighbors is called Vi’s degree, and it is
denoted by D (Vi).

Definition 2. If there is a node ¥V and u is in the range of Vi’s communication
ability, and (#,Vi) €E, then we called them neighbors. We use N(Vi) to denote node
Vi’s neighbor set, and uEN (Vi).

Definition 3. There are three node states in MANETSs. They are pending nodes, mem-
ber nodes and cluster-head nodes.

2.2 Stability of Clustering

In wireless networks, the signal intensity that nodes receive is tightly correlative with
the distance between nodes. In the pure Friis free space model, 7P (signal sending
power) and R P (signal receiving power) have the following relation: (d is the dis-
tance between nodes)

R P 1

X

TP d°

- . . c .
While in actual environments, the expression R P = —aTXP is more accurate. But

the value of « is not easy to set exactly.

Although it is not applicable to judge nodes” distance directly, we can estimate
nodes” relative mobility with the consecutive message packets such as periodic
“HELLO” packets. Assume that node u has received three periodic “HELLO” packets

from node v, and the power is respective shown as RxP"" | RxP® and RxP"

vou’ vou vou '’

then we can define node v’s relative mobility degree as:

, (2) R 3)
re. _ X Vvou X Vvou
M, (v) =10lg 12 +101gR > (1)

X7 vou X7 Vvou
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This way is somewhat like the definition of MOBIC[10]. If R P**) < R P""

X7 vou Xt vou’
(2

X7 Vvou

M

X7 vou

< 0. That means node v is leaving away from node u. If Rva(i)u >

then 1g

(2)

Rva(Bu , then lg#:)” > 0. That means node v is moving towards node .

X7 vou

Link Stability Estimation Rules

If node u and v meet the following demands, then we regard the link between them
stable[13]:

1. The times that node u and v continuously send HELLO packets to each other
equals or is more than 3;

2.1f M (v)<0, then 1M [ ()1 < M et
3.1F M (v) >0, then M (v)<M et

Threshold Threshold . .
Here M """ and M m;;es ? are thresholds of relative mobility. Of course,

Threshold Threshold . .
M < MM and their actual values can be set according to the actual

network environments.

3 Objective Trust

We mentioned the notion of node stability ahead, now we introduce the definition of
objective trust.

Definition 4. Objective trust is more extensive than the notion of node stability. The
decay of objective trust is a time-associated function[11]. We will combine it with
the evaluation of node stability.

Definition 5. We mark the original objective trust with T, and T, after a period of

time 7.
Definition 6. &(1) denotes the decay factor of objective trust. Then

I,=60T, (1=20) )
Definition 7. We use A to denote the “suspicion parameter” of objective trust.

Definition 8. Function of f(¢) can be denoted as:

AeM  vh
f@)= {oe , V\hee: 528 3)



Maximum-Objective-Trust Clustering Solution

N A=1

e ———

Definition 9. We use TSF'(¢) to denote the cumulation of decayed objective trust.

v

Fig. 1. Function of f(t)

ISF()={_f@r=(5" ;5

Then 6(t) =1-TSF(t)

0(t)=e" >0

The proofs of expression (3) and (5) are shown in Appendix L.
The objective trust and stability of nodes are relational with the ability of nodes in
some degree, such as energy remains, computing speed and memory size. We use

135

“)

&)

Cap, to denote the integrative ability of node u. It is a discrete value after modifying.

(0

v

Fig. 2. Function of @(t) =1—-TSF (¢)
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According to the upper objective trust model, the parameter /1,4 can be set as fol-

slink

lows. We first calculate the value of stable links N, and we set a quite big

A beforehand.

upper

/’ N slink Capu Sllnk 0

upper N Sllnk :0 (6)

u

Assume that node u has k neighbors, and their relative mobility values to u are
M (n), M(n,), ... M (n,),then we define M . as node u’s integra-

tive relative mobility.

& ‘M rel (n )‘
=2 ™
i=1
In the upper formula, when M urel(ni) < 0, then M equals M ™" . when

M (n)=0, M=M"""" 0Of course, the less M , is, the more believable

node u is.

4 Reconstruction of HELLO Message

The realization of MOTBCS is executed by reconstructing the message of HELLO.
Since MANETSs nodes send out HELLO packets periodically and they need brief
computing, we can draw the following assumptions.

1. We can only consider A (objective trust suspicion parameter) instead of com-
plicated value of objective trust.

2. If no signal is received after a period of waiting time T, (generally is twice lar-
ger than the cycle of HELLO packets), we can regard the link disabled refer-
ring to the tendency in Fig 2.

The new HELLO message with trust information can be shown as:
—rel —
HELLO,; = (ID;| Status| ntable \M i |M i |Cap; | timestamp | ski(hash))

Where ID; : The ID number of node i ;

Status: This field has two choices of ClusterID and NULL. If it is NULL, that
means the status of node is “Pending”. If it is the ID of some node else, that means the
node is node i’s clusterhead. If it is the ID number of node i itself, that means node i is
a clusterhead.
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ntable: the table of 1-hop neighbors to node i. Nodes can set up 2-hop topology by
acquiring neighbors” 1-hop neighbors.
—rel —rel

M ;i : The relative mobility vector of node i . The components of M ; can be
stored in the table of ntable .

—rel

M ; : Nodes” integrative relative mobility and it is computed from M ;

Cap;, : The integrative ability of node i, including its energy remains, computing
speed and memory size. In this paper, we mainly concern nodes” energy.

timestamp: Current time.

ski(hash): The abstract information[12] to sign the message using the private key
sk; of node i.

We can divide the HELLO packets into three types for the difference of node ID
and Status [13]:

Neighbor-search-message: its Status= NULL,;
Clusterhead message: its Status = ID;# NULL;
Cluster-join-message: its Status = ID;# NULL and i #j

Each node sets up a neighbor table and a 2-hop topology table. By using the table
information and the periodic HELLO packages, we can work out the variables

—rel

M; M; N’ ik and Capi . After that, the objective trust “suspicion parameter”

1

ﬂi can be computed, then the solution of MOTBCS showed below will select out the
clusterhead of the group.

S MOTBCS Algorithm

A pending node u(Status = NULL) chooses its clusterhead with the following algo-
rithm MOTBCS.

ClusterHead (u)
IF (linitialized(G(V,E))) initialize(G(V,E))
IF (lassign(u.ID)) assign(ID) to u
IF (u.Status '=NULL) return ERROR;
N’(u)= N(u)U {u} // N(u): neighbor of node u
FOREACH node j jEN’(u)) DO

—rel

computer M ; , M,‘ , N ;lmk and ﬂj s IIN lffli"k : number of stable links of i

ENDFOR
FOREACH neighbor node j(jEN’(«)) DO

select node with minimum ﬂj ;
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ENDFOR
IF nodes with minimum ﬂj is only THEN

node j becomes Clusterhead;
u.Status= j,
return;

ELSE

FOREACH node j with minimum /?,j DO

select node with minimum M i
ENDFOR

IF node j with minimum Mj is only THEN

node j becomes Clusterhead;
u.Status= j,
return;

ELSE

FOREACH node k with minimum M » DO
select node with minimum ID;
node k with minimum ID becomes Clusterhead;
u.Status= k;
ENDFOR
return;
ENDIF
ENDIF

6 Simulation and Experiments

We use network simulator ns-2 to do our experiments. Two widely used models are
simulated in our tests. They are Random Waypoint Mobility Mode(RWMM) and
Reference Point Group Mobility model(RPGM). The behaviors and setting of the
experiments are similar with that of [13].

6.1 Estimation Criterions

1. Clusterhead-Changing Frequency(CCF)

The status changing times of clusterheads in one second. A small CCF means a
good clustering solution and a stable mobile adhoc network.

2. Node-Changing Frequency(NCF)

The status changing times of nodes in one second. A small NCF always means a
stable mobile adhoc network.

3. Number of Clusterheads(NC)

The number of clusterheads changes when nodes move around in the network.
Fewer clusterheads mean that a node can communicate with another node through
fewer hops.
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4. Communication Costs(CC)
The number of communication packages in one second. For simplification, we

don’t take the package encrypting into account.

6.2 Simulation Setting and Figures

We simulate the Lowest-ID Algorithm, Max-Degree Algorithm, Weighted Clustering
Algorithm(WCA) and MOTBCS. The simulation parameters are shown in the follow-
ing table.

Tablel. Simulation Parameter Setting

Parameter Description Default Value
T, Cluster Message Cycle 2s
T, Link Max-valid-time 4.2s
T. Clusterhead Competing Interval S5s
Node number Number of Mobile Nodes 60
Sim-time Simulation time 600 s
Pause time Pause Time When Moving in 4s
the Waypoint Model
Max-speed Max Moving Speed 20 m/s
Tx-range Range of Radio Transmission 30 to 180 m
Head-Energy-Use Clusterhead Energy Use 0.03%/s
Member-Energy- Normal Node Energy Use 0.01%/s
Use
Length Area Length Sqrt (Num*3.14*150*150/8)
Width Area Width Sqrt (Num*3.14*150*150/8)

Simulation 1: Node-Changing-Frequency(NCF) vs. Communication Range(CR)
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Fig. 3. NCF vs. CR
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Simulation 2: Clusterhead-Changing-Frequency(CCF) vs. CR
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Simulation 3: Node-Changing- Frequency(NCF) vs. Node Speed(NS)
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Simulation 4: Communication Costs(CC) vs. Communication Range(CR)
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Simulation 5: Communication Costs(CC) vs. Node Speed(NS)
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Fig. 7. CC vs. NS
Simulation 6: Number of Clusterheads in Experiments
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Fig. 8. Number of Clusterheads

6.3 Experiment Analysis

Fig.3 shows that NCF increases gradually when CR gets large. The reason is that
when CR increases, the number of nodes in a cluster also increases. The performance
of MOTBCS is better than the other three especially when r > 100m. That is because
MOTBCS chooses the best objective trust nodes as clusterheads.

Fig.4 shows that when CR is about 50-70m, CCF is comparatively large. For at
that time, the number of clusterheads is rather big and nodes are easy to compete to
act as clusterheads.

We know from Fig.5 that NCF increases greatly when Node Speed gets large. But
apparently, MOTBCS is more steady than the other solutions.

Fig.6 and Fig.7 compare MOTBCS’s communication and control costs with the
other three algorithms. Generally speaking, MOTBCS has better performance because
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MOTBCS extends “HELLO” message to choose clusterheads instead of constructing
new package, which reduces extra costs greatly.

Fig.8 shows that the average clusterhead number of MOTBCS is obviously less
than that of WCA. That means nodes in MOTBCS need fewer hops to communicate
with their copartners than in WCA.

7 Conclusion and Future Work

Mobile ad hoc networks (MANETS) are self-organized wireless networks that are
formed by mobile nodes through distributed protocols. Clustering problem is one of
the biggest challenges that MANETS are facing with and it is also one of the hottest
spots in the research areas. This paper presents a maximum-objective-trust-based
clustering solution(MOTBCS). It well takes into account objective trust and the rela-
tive mobility of nodes on the criteria for clusterhead selection. In this way, it over-
comes the drawbacks of over-idealization assumptions about node behavior models in
similar research, and thus is more applicable to realistic environments. Simulation
results show that the MOTBCS solution can generate more stable clustering structure
and has lower communication overheads, compared with other homologous algo-
rithms. So MOTBCS can be a valuable solution for clustering with further realization
in the future.
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Appendix I Proof of Expression (3) and (5)
Since A is an objective trust suspicion constant, according to the mathematic flux-
ional way, we can conclude that:

TSF (t +at)—TSF (¢
Vit >0, lim[ (& +a1) @]

at—0 Al

conditional ﬂ,

According to the conditional probability, the formula just equals to

vi>0, limUorUHaD=TSFOIA-TSF®)

at—0 N

TSF () _
Then we get the formula A_ TSF (1)~ A

A

So we can get TSF(t)= 1-Ce™ (t=0)

We consider that TSF (¢) =0 when t <0, according to the formula TSF (0) =0,

At

then we can know that C =1, so we can conclude TSF(¢)=1—e¢™ (¢ > 0). And

as f(t) is the probability density function of TSF (¢), so formula(3) can be proved
subsequently.

As TSF(t)=1—e* (; > 0)is proved, and 8(t) =1—TSF(t), so expression
=t

(5)of B(t)=e" (t=0) is also proved.
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Abstract. In wireless sensor networks with many-to-one transmission
mode, a multi-objective TDMA (Time Division Multiple Access) schedul-
ing model is presented, which concerns about the packet delay and the
energy consumed on node state transition. To realize the scheme, a map-
ping between the problem and evolutionary algorithm is reasonably set
up. A multi-objective particle swarm optimization based on Pareto opti-
mality (PAPSO) is then proposed to solve such multi-objective optimiza-
tion problem and find a better tradeoff between time delay and energy
consumption. The simulation results validate the effectivity of PAPSO
algorithm and also show that PAPSO outperforms other techniques in
the literature.

1 Introduction

Large-scale networks of wireless sensors are becoming a hot topic of research due
to their potential usage in defense, pervasive commercial and scientific applica-
tions. In such networks, sensors are units with sensing, processing, and wireless
networking capability. They can automatically collect information and report the
results to an access point. However, as the sensors are usually battery-powered,
saving energy becomes an essential problem in sensor networks.

The medium access control (MAC) method is a major consumer of sensor
energy [2]. Different medium access methods result in different time and energy
efficiencies. Among those proposed MAC protocols, including contention based
access and contention free access, TDMA is a suitable access method for wireless
sensor networks. First, TDMA can save energy by eliminating collisions, avoid-
ing idle listening, or entering inactive states until being allocated time slots.
Secondly, as a collision-free access method, TDMA can bound the delays of
packets and guarantee reliable communication.
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However, allocating time slots to each sensor to finish a couple of data col-
lection tasks is an NP-complete problem [3]. Additionally the energy constraint
makes the problem more difficult to solve. Therefore, in sensor networks, the
main challenge of TDMA is how to allocate time slots to each node to minimize
the energy consumption and time delay.

As to the aspect of TDMA scheduling against time performance, some refer-
ences have studied how to minimize packet delay [4], how to improve fairness
[5], how to maximize parallel operation [6], and how to shorten the total slot
cost to finish a set of transmission tasks [7]. By setting up a convex optimization
model, Cui et al. [4] adopted relaxation methods to solve the problem, and got a
pareto optimal energy-delay curves, where the power consumption on switching
was neglected. Sridharan et al. [4] developed a linear programming formulation
and presented a distributed solution, which outperformed than random MAC in
terms of fairness and delay etc. To minimize the overall transaction time, which
was modeled as a graph partitioning problem, Gandham et al. [5] proposed a
distributed edge-coloring algorithm. In order to save time for data collection,
Ergen et al. [6] proposed three algorithms based on coloring method in graph
theory. However, these two references did not consider the energy saving problem
in sensor networks.

In this paper a practical hierarchical solution approach is proposed to solve
the multi-objective TDMA scheduling problem. Given the strong search ability
in combinatorial optimization, particle swarm optimization (PSO) is introduced.
And to reach multi-objective optimality, Pareto optimization serves as evaluation
criterion of candidate solutions during the evolutionary process of PSO, by means
of which we can get Pareto optimal solutions to TDMA scheduling problem. In
this sense, the whole framework of the method can deal with several constraints
flexibly and reach a multi-objective optimal slot-allocation scheme.

The remainder of the paper is organized as follows: the problem statement
is introduced in section 2; the part of optimization algorithm, including coding
method and evaluatio