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Abstract

A key issue for Cluster-enabled OpenMP implemen­
tations based on software Distributed Shared Memory
(sDSM) systems, is maintaining the consistency of the
shared memory space. This forms the major source ofover­
head for these systems, and is driven by the detection and
servicing ofpage faults. This paper investigates how appli­
cation performance can be modelled based on the number
ofpage faults. Two simple models are proposed, one based
on the number ofpage faults along the critical path of the
computation, and one based on the aggregated numbers of
page faults. Two different sDSM systems are considered.
The models are evaluated using the OpenMP NAS Paral­
lel Benchmarks on an 8-node AMD-based Gigabit Ether­
net cluster. Both models gave estimates accurate to within
10% in most cases, with the critical path model showing
slightly better accuracy; accuracy is lost if the underly­
ing page faults cannot be overlapped, or if the application
makes extensive use ofthe OpenMPflush directive.

1. Introduction

Cluster-enabled OpenMP implementations provide sup­
port for the shared memory OpenMP programming model
on distributed memory cluster systems [2]. This offers not
only increased portability for existing OpenMP programs,
but also an alternative programming paradigm that is gener­
ally considered to be easier compared to the message pass­
ing model normally used on clusters. With the commercial
release of the Intel Cluster OpenMP (CLOMP) compiler in
2006, interest in cluster-enabled OpenMP implementations
is only likely to increase.

Most cluster-enabled OpenMP implementations are im­
plemented over paged-based software Distributed Shared
Memory (sDSM) systems [2, 12, 9]. This is viable since the
relaxed memory consistency model of OpenMP limits the
need to move globally shared memory pages between nodes
to well defined consistency points (i.e. OpenMP barrier and
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flush operations). Accesses to these shared memory pages
are detected using page protection, with protection states
of "Invalid", "Read-Only", and "Read-Write". In general
an access to an invalid page will cause the sDSM system to
fetch the page from some other location in the cluster, while
a write to a read-only page will cause the sDSM to duplicate
the relevant page before allowing the write to proceed. The
reason for the latter is so that multiple processes can write
to distinct parts of the same memory page (by later using
the copy to construct a "diff" that identifies where modifi­
cations have been made by that thread).

Servicing the various page faults and moving associ­
ated data between processes can be thought of as the over­
head associated with maintaining memory consistency in
the sDSM system. Taking a page fault interrupt or moving
data the size of a memory page between nodes on a cluster
is not, however, a trivial operation. Thus it is not surpris­
ing that these memory consistency operations are a major
source of overhead in sDSM systems.

This paper explores two simple models that can be used
to rationalize the performance ofOpenMP applications run­
ning on clusters. In essence, these models propose that
the performance of an OpenMP application running on a
cluster can be estimated from the number and type of page
faults encountered, and knowledge of the approximate cost
of these events as obtained from running a simple OpenMP
program on just two nodes of the cluster. To test the valid­
ity of our models we have used the OpenMP NAS Parallel
Benchmarks (NPB) running on an 8 node Gigabit connected
AMD cluster. Two fundamentally different cluster-enabled
OpenMP implementations are considered, CLOMP [2] and
Omni/SCLIB [12].

Related work is limited and not in the context of
OpenMP. [7] presented a performance model based on
fine-grained sDSM sub-operations and network parameters.
Unlike ours, its purpose was to predict the performance
changes in an sDSM over different hardware platforms.
[8] developed a model for an object-based sDSM system,
which had no element corresponding to the "diffing" over­
head of page-based sDSM systems.
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The rest of this paper is organized in six sections. In
section 2 the background of the two sOSM systems is de­
scribed. In section 3 the two different performance models
are outlined. Section 4 contains details of the small pro­
gram used to parameterize these models, while results for
the NPB are given in section 5. Finally, section 6 contains
our conclusions and comments for further work.

2. The sDSM Systems Modelled

The CLOMP and Omni/SCLIB OpenMP implementa­
tions for clusters are modelled in this paper. CLOMP is
derived from the TreadMarks sOSM system [2], and uses a
lazy release memory consistency model (LRC) [5]. It aug­
ments OpenMP to include a new sharable directive that is
used to identify variables that can be referenced by more
than one OpenMP thread. These variables are placed in
globally addressable memory, that is created, maintained,
and synchronized across all OpenMP threads through the
sOSM system. The second cluster-enabled OpenMP imple­
mentation, Omni/SCLIB, uses the Omni OpenMP Compiler
to transform an OpenMP program (C or Fortran) into inter­
mediate C source code, that then makes use of the SCLIB
sOSM system [12]. The approach used is similar to the ear­
lier Omni/SCASH system of Sato et al [9].

Both the TreadMarks and SCLIB sOSM systems are
page-based, partitioning the globally addressable memory
into pages. In addition to this, pages in SCLIB are assigned
a home node. The status ofthe page at its home node is what
defines the most "up-to-date" view of that page. In contrast,
the TreadMarks sOSM system [2] does not use page homes.
Instead, changes made to a page by other nodes are patched
into the local view when required. Naturally, "home-based"
and "homeless" sOSM systems have different approaches
for maintaining memory consistency. These approaches are
detailed in the rest of this section.

2.1. CLOMP

In CLOMP, when the aMP code reaches a sequence
point records are made of what pages have been modified
since the last sequence point, and this information commu­
nicated to other threads as "write notices". The aggregation
of these write notices allows a thread to create a map de­
tailing the pages that have remote modifications, and where
those changes are located. As LRC is used, the actual page
modifications are only obtained if and when they are re­
quired; an operation that may require the requesting thread
to retrieve modifications from multiple other threads. 1

1We note that CLOMP allows. multiple threads to run within a single
process on one node of a cluster. In which case there is some cooperation
between all threads located within the same process, e.g. write notices are
sent by just one thread on behalf of all the threads in that process.

Figure 1: Major State Transfer Diagram for CLOMP (derived from
[2], and experimental observation)

Transitions between the possible page states are given in
Figure 1. Write notices are passed between threads when
an OpenMP barrier, lock or flush directive is encountered.
When a write notice is received for a shared page it will be
set to "Invalid" so that a subsequent read or write request
to that page will give rise to fetch faults that require d iffs
to be collected from the relevant other threads before the
page can be used. Threads from which "diffs" have been
requested (consumed) must change the protection for that
page from "write-valid" to "read-valid" if necessary, indi­
cating the start of a new "diff" reference point. Transi­
tions from "read-valid" to "write-valid" occur the first time
a write is made to a page, at which point a write fault will
be issued necessitating the creation of a copy or "twin".

2.2. Omni/SCLIB

Like the underlying TreadMarks sOSM that is used with
CLOMP, SCLIB is a page-based sOSM system. Unlike
TreadMarks, however, each page in the shared address
space is assigned a home where the master copy ofthe page
is maintained. This implies a fundamentally different ap­
proach to memory consistency. In particular, barrier opera­
tions involve all threads sending all their diffs to the relevant
home threads so that the master copies can be brought up­
to-date and invalidation notices sent back to all nodes hold­
ing copies of those pages. An access to an invalid page that
occurs after a barrier is resolved by copying the up-to-date
page back across the network from its home location.

Page state transitions depend on whether a page is local
or remote. In the case of local pages, the transitions are
between "Local Read-only" (LRO) and "Local Read-write"
(LRW). LRO-tLRW occurs upon a local page fault - re­
ferred to as a "local write fault". Although the local page is
the master copy and is, by definition, always the most up-to­
date copy, detection of writes at the local node is necessary
for the invalidation protocol used in barrier operations. The
inverse, LRW-tLRO, happens during the barrier in prepa­
ration for write detection during the next computation phase
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