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Abstract

Clusters, i.e., several computers interconnected with a communication
network, provide a cost efficient way to achieve high performance.
Messages are the natural way of communication in this kind of sys-
tems. However, it is widely argued that using a shared memory pro-
gramming model reduces the programming effort. Hence it is
interesting to investigate systems that provide shared memory on clus-
ters.

This thesis describes some performance aspects of providing such a
shared memory using software. The systems that provide a shared
memory in software are commonly called software distributed shared
memory systems, software DSM systems. The thesis consists of seven
papers that each describe different aspects of software DSM systems.

One of the main performance bottlenecks is the communication net-
work and three papers in the thesis investigates this bottleneck. One
paper analyzes the traffic sent on the network when applications are
executed. In another paper a latency hiding technique is described and
evaluated that substantially increases the performance of iterative
applications, i.e., applications with loops. The last paper investigates
the use of priorities to reduce the latency of certain messages used by
the software DSM system.

One paper is devoted to discussing how a portable software DSM
system should be designed and this paper forms the basis for the
remaining three papers. These papers also present a compiler and run-
time library for OpenMP which is a recent industry shared memory
programming model. The compiler and the run-time library were
developed as part of the thesis. One of the three papers describes a pro-
totype system for running OpenMP applications on clusters. The sec-
ond presents the compiler and compares the performance of
applications compiled with the compiler with that of the applications
compiled with a commercial compiler. The last paper describes the
OpenMP run-time library.
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1 Introduction

During the last years there has been an increasing interest in using clus-
ters as a way to build multicomputers. The motivation for this is that
commodity, off-the-shelf, hardware can be used without modifications.
As with quite a few trends in computer architecture, this trend is fueled
by the remarkable price and performance developments of personal
computers. This has led clusters to be very popular for high perfor-
mance computing and 291 of the 500 most powerful computers in the
world are clusters including the second most powerful [54].

Clusters have traditionally been programmed using message pass-
ing. It is, however, widely argued that a machine with a shared memory
is much easier to program than a machine without and this thesis deals
with performance aspects of systems that provide a shared memory
abstraction on a cluster.

Applications that make use of a shared memory can be written in
several ways. OpenMP is an industry standard for programming
machines with a shared memory [35, 36]. This thesis is also concerned
with executing OpenMP applications on clusters.

Very briefly, the contributions in this thesis include an investigation
of the communication patterns in clusters, the formulation, implemen-
tation, and evaluation of an performance enhancing technique for clus-
ters and the design, implementation, and evaluation of compilers and
run-time library systems enabling the use of OpenMP on clusters.

This thesis consists of seven papers and a summary. The summary is
laid out as follows. Chapter 2 holds a list of definitions used in the
summary. Chapter 3 is an introduction to how high performance clus-
ters are designed. In chapter 4 the most common programming models
for shared memory machines, including OpenMP, are introduced while
chapter 5 outlines the history of systems that provide shared memory
on clusters. Chapter 6 consists of summaries of the papers including
problem statements, contributions, and results. The summary itself is
concluded in chapter 7.
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2 Terminology

In this chapter I will define some key terms and concepts that will be
used throughout the rest of this summary. The definitions and terms
might not be the same as those used in other works.

A parallel computer built from several general purpose micropro-
cessors can be seen as a layered system, see figure 1.

The five layers are denoted 1 to 5. The view of lower layers as
found on a boundary between layers is referred to as a programming
interface. The layers up to and including layer 4 are collectively
referred to as the parallel machine.

The functions of the different software and hardware parts in a layer
are referred to as the mechanisms in that layer. The mechanisms that
reside in each layer are listed below.

Layer 1

Layer 1 consists of a number of processing elements with one or sev-
eral microprocessors, possibly memory and possibly one or several
levels of caches.

The microprocessors access memory via a virtual address space
provided by the help of a translation look-aside buffer which provides
a cache for address translations. In addition, there is support for excep-
tions and hardware for restarting an instruction after a miss in the trans-
lation look-aside buffer. The context of a microprocessor is the set of
registers needed to execute instructions.

Figure 1: A computer as a layered system.

A number of processing elements

Communication network

Operating system

Application

Run-time libraries

1

2

3

4

5
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Layer 2

The communication network in layer 2 interconnects the processing
elements. Some important topologies of communication networks are
sketched in figure 2.

A common and simple topology is a bus as can be seen in the top
left of figure 2. Here all processing elements or devices are connected
with a shared media called the bus. Only one device at time can trans-
mit on the bus but several devices can, however, receive, at the same
time. The process of selecting the device that is allowed to transmit is
called arbitration.

A more advanced structure is to use a network switch. The switch is
a hardware device which connects a sub-set of the devices to each
other making it possible for them to communicate to each other. This
structure is called a switched network and it makes it possible for sev-
eral devices to transmit and receive at the same time. The connections
on the switch where devices connect are called ports. The switch can
be rapidly re-configured to change the subsets of communicating
devices. The re-configuration is triggered by the transmitted data or the
connected devices. Hierarchies of network switches and busses can be
built as illustrated in the bottom of figure 2.

A network where two devices are connected directly to each other is
called a point-to-point network.

A common address space may be available, accessible using ordi-
nary load and store instructions, and may be coherent, i.e., all micro-
processors see the same memory contents whether caches are used or

P P . . . P

Buses Switched networks

P P P. . .

Network switch

Figure 2: Communication network topologies.

Hierarchies of busses and switched networks

P PP P. . . . . .

Network switch
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not. The coherency is maintained by hardware, located at the memory
and the caches, and traffic on the communication network. This traffic
and the actions taken by the hardware is referred to as the coherency
protocol. The coherency protocol is governed by the memory consis-
tency model.

The memory consistency model describes when the result of mem-
ory write operations as performed by one microprocessor becomes vis-
ible to other microprocessors. Several memory consistency models
have been defined. The most simple one is sequential consistency
where, when issuing a memory write operation, the microprocessor
waits until the write operation has completed before continuing with
any other memory operation. When performing a memory read opera-
tion the microprocessor have to wait for the read to complete and also
for the write operation whose value is returned by the read operation to
complete. In essence, this means that memory operations are per-
formed in the same order as in the program code.

The performance of the microprocessor and also the coherency pro-
tocol is often increased if memory operations are allowed to deviate
from the program code order. A number of memory consistency mod-
els have been proposed which allow that. These are collectively called
loose or relaxed memory models. These memory models allow mem-
ory operations to be reordered and some even let the microprocessor
execute multiple memory operations simultaneously.

Message communication may be possible, i.e., it may be possible to
transfer data between memory buffers associated with the processing
elements using privileged operations.

The data rate for n-byte messages is the maximal sustainable
amount of bytes per second that can be transferred between a pair of
processing elements using messages of size n bytes. The aggregate
data rate of a communication network is the total amount of bytes per
second that can be simultaneously transferred between all pairs of pro-
cessing elements. The bandwidth seen by a pair of processing elements
may be limited by the traffic generated by other processing elements.
This phenomenon is called congestion.

The latency for n-byte messages is the minimal time from the trans-
mission of the first byte of the message from one processing element
until the reception of the last byte in the message to another processing
element. Congestion may cause the latency to rise.
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The process of determining how a message is sent to processing ele-
ment is called routing. This involves selecting the right networks or
network switch ports to traverse. Routing can be performed by the net-
work switches themselves.

Layer 3

In a shared memory parallel machine, a single virtual address space
can span several processing elements. Such a virtual address space and
additional context information is referred to as a process.

In the address space of a process one or several individually sched-
uled threads are executing. The threads communicate using shared
variables located in the common address space and are synchronized
using explicit synchronization primitives. For the purpose of this thesis
I assume that threads executing in different processes can only commu-
nicate using messages. The primitives used to send and receive mes-
sages also acts as synchronization primitives.

In short, the operations used for communication and synchroniza-
tion between threads are:

The use of explicit primitives for synchronization allows very loose
memory models such as the release consistency memory model.
Release consistency divides the synchronization primitives into
acquire operations, which are used to gain access to a shared resource,
and release operations which are used to grant other threads access to a
resource. The microprocessor waits at a release operation until all pro-
ceeding memory operations have completed. No memory operations
succeeding an acquire operation is allowed to proceed unless the
acquire operation has completed. This allows for very aggressive reor-
dering of operations and also aggressive coherency protocols as the

Table 1: Summary of methods for synchronization and
communication.

Threads in the same
process

Threads in different
processes

Data communication Shared variables Messages

Synchronization Explicit primitives
Implicit using message
transfer primitives
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results of write operations do not have to be visible to other micropro-
cessors until a release operation have completed.

In a message passing parallel machine it is not possible to extend,
in hardware, a virtual address space beyond a single processing ele-
ment. This means that all threads belonging to a process are allocated
to the same processing element and that communication between
threads executing on different processing elements has to be done via
messages.

A message passing parallel machine built from several different
computers interconnected with a network is called a cluster.

Layer 4

This layer consists of the compiler run-time systems, libraries and high
level language interfaces to operating system calls. The interfaces to
libraries, run-time systems, and operating system calls are called appli-
cation programming interfaces, or APIs. One example of a library is a
software distributed shared memory system, software DSM system,
which is a software library that makes it possible for two threads in dif-
ferent processes to communicate and synchronize as though they were
executing in a single process. A parallel machine that contains a soft-
ware DSM system is called a software DSM machine.

Layer 5

Layer 5 represents the application. An application is several related
processes or threads cooperating to solve a single problem.

Shared memory parallel machines are typically programmed using
multiple threads in a single process, see figure 3, while message pass-
ing parallel machines are typically programmed using multiple pro-
cesses each having a single thread, see figure 4. The figures show an
example using pseudo code where two threads update a variable, x. In
figure 3, a mutex is used to ensure that only one thread at a time access
the variable. After the variable is updated, each thread uses a barrier.
The barrier is a synchronization primitive that suspends a thread until
all other threads in the application have reached the barrier. At the bar-
rier the threads are synchronized and after the barrier both threads can
assume that the shared variable has been updated by both threads.

In figure 4, the same example is implemented using a message pass-
ing parallel machine. Here the processes do not have direct access to
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variable x and so it is not shared. Instead the variable resides in the
memory of the processing element where process B executes and pro-
cess A must access it using messages. In this example, process A sends
an update of variable x using a message to process B that applies the
update. Both processes must know each other’s identity and process B
must collect updates from each and every process that may update the

Thread A

shared mutex m; /* a global mutex seen
by both thread A and B*/

int i,j;
/* a piece of code */
acquire(m);

if (i<56)
x=x+j;

release(m);
barrier(); /* synchronize the threads */
/* some other piece of code */

Thread B

shared int x; /* shared by thread
i A and B */
int k;
/* some code */
acquire(m);

x=x+k;
release(m);
barrier(); /* synchronize the threads */
/* some other code */

Figure 3: A pseudo-code example using a shared memory parallel
machine.

Figure 4: A pseudo-code example using a message passing parallel
machine. Messages both transfer data and act as synchronization

primitives.

Process A

int i,j;
/* some piece of code */
{

int tmp_j=0;
if (i<56)

tmp_j = j;
send(B, &tmp_j, sizeof(int));
/* send a message to B

with the update */
}
/* yet another piece of code */

Process B

int x,k;
/* some code */
x=x+k; /* perform own update */
{

int tmp_j;
receive(A, &tmp_j, sizeof(int));
/* wait for A to send the update of

the x variable */
x=x+tmp_j; /* perform the update */

}
/* yet another code */
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variable. Also, as the primitives are blocking, process B must collect
the updates in the correct order or else all processes will be blocked in
message passing primitives.

Compared to sequential non-parallel programming this is a radically
different way of programming. The example in figure 3 is much more
similar to sequential programming and it is widely argued that shared
memory parallel machines are much easier to program than message
passing parallel machines [48].
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3 Clusters in high performance computing

Clusters have been used for some time to achieve high performance or
fault tolerance. I will not discuss the fault tolerance aspects of clusters
in this thesis but I will instead focus on the high performance aspects.
There is a plethora of clusters being used today and in this chapter I
will explain some of the reasons for using a cluster, the anatomy of a
cluster, and discuss some applications for clusters.

The idea of clusters is not new and various forms of clusters have
been used for decades. During the last decade, however, there has been
a trend to build high performance machines from commodity off-the-
shelf components. This trend has been made possible by the tremen-
dous performance increase and cost decrease of personal computers,
providing cheap computing resources, and the introduction of capable
computer networks. Equally important, however, has been the develop-
ment of supporting software and operating systems making it possible
to run software, on personal computers, that was previously only feasi-
ble to run on mainframes or supercomputers.

The kind of cluster I am going to discuss in this thesis consists of a
set of processing elements, which normally are ordinary personal com-
puters but could also be larger shared memory machines, intercon-
nected with a network which normally is a dedicated and highly
specialized network. This type of cluster is at the time of this writing
very popular and the number of such clusters among the fastest com-
puters in the world is staggering. 291 of the 500 most powerful com-
puters, listed on the TOP500 list as published in June 2004, are clusters
including the second most powerful computer in the world [54].

I am now going to go through the different parts of a cluster starting
with the processing elements.

3.1 The architecture of processing elements
As mentioned, processing elements are normally ordinary personal
computers or even larger shared memory machines. The idea is to use
the type of machines which provides the most computing power at the
lowest cost. The number of microprocessors per processing element is
dictated by the price of available components. At the time of this writ-
ing the “sweet-spot”, i.e., the best price per performance, is at process-
ing elements with two to four microprocessors. Personal computers are
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sold at high volumes and so the cost is very low compared to machines
made for server or supercomputing usage and this is one of the major
reasons for building clusters. A typical processing element is designed
as sketched in figure 5. The overview is based on the architecture of
personal computers as of mid 2004. It is, however, applicable to recent
workstations and even servers as these do make use of parts designed
for personal computers and so the architecture of servers and worksta-
tions do not deviate much from personal computers.

As can be seen a number of microprocessors are connected through
a bus. There is also the possibility of using a network such as machines
using the recent Opteron or Athlon 64 processors from AMD [1].
These processors are interconnected by a point-to-point network,
called HyperTransport, which is based on the PCI bus [21, 38]. Each

Figure 5: Schematical overview of a cluster processing element.

P P . . . P microprocessors

North Bridge

South Bridge

MemoryDisplay
Hardware

Network
Hardware

PCI bus

I/O busses and
connections
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processor can include a number of levels of cache and there can be
cache levels external to the microprocessors.

The microprocessors used are at the time of this writing capable of
performing SPECint_2000 and SPECfp_2000 results of more than
1600, and are running at clock frequencies close to 4 GHz [50].

On the processor bus there is a device frequently called the north
bridge. The north bridge’s purpose is to connect the microprocessors to
memory and to various I/O busses. It is also possible for processors to
connect directly to memory as Opteron and Athlon 64 processors do.
In this case, part of the functionality of the north bridge is integrated
into the processor. The main advantage of this design is the possibility
of scaling memory data rate with the number of processors. The mem-
ory data rate, i.e., the rate in which memory can be read or written, is at
the time of this writing is close to 7 gigabyte/s.

For technical reasons the number of physical connections to the
north bridge is limited making it not feasible to connect all I/O busses
to the north bridge. Instead, a so called south bridge is used. The south
bridge is connected to the north bridge with a dedicated point-to-point
network. The south bridge then hosts the various I/O busses and con-
nections while the north bridge manages the memory, processor bus,
and a connection for graphics and display hardware which commonly
is connected to the north bridge via an AGP bus or PCI express [23,
39].

The south bridge connects to hard drives, I/O busses and connec-
tions, and most importantly a PCI bus or a number of PCI Express con-
nections. The PCI bus is important since the network interconnect
hardware generally connects to the PCI bus.

PCI is an industry standard and is a synchronous bus with central
arbitration [38]. The arbitration and data transfer phases on the PCI bus
takes quite a few bus cycles so to attain reasonable data rates, devices
on the PCI bus hold on to the ownership of the bus after getting access
to it and performs several data transfers after each other. While this
behavior increases the usable data rate of the bus it also increases the
time for arbitration as any data transfer in progress has to be finished or
aborted before control of the bus is handed over. This is further compli-
cated by the fact that any of the devices participating in the access can
add wait states, i.e., idle bus cycles, to the transfer procedure. In all a
single bus transfer on the PCI bus can take several microseconds to
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perform. The actual time, depend on the revision of PCI that is imple-
mented. Low-end clusters normally use a 32-bit PCI bus running at 33
MHz where a total data rate of roughly 120 megabyte/s is attainable
while high end systems use PCI-X which allows 64bit data transfers
and bus frequencies up to 133MHz yielding data rates up to 1 gigabyte/
s. A recent revision of PCI-X allows bus frequencies up to 533 MHz
allowing data rates of over 4 gigabytes/s [40]. PCI Express is a new
derivative of the PCI bus which, at the time of this writing, is starting
to appear in off-the-shelf components. PCI Express does not make use
of a bus structure. Instead, it uses point-to-point connections which
removes some of the overhead of arbitration [39]. Several variants of
PCI Express is available and data rates can exceed 3 gigabyte/s.

The PCI bus and its derivatives are all designed for high data rates
and good bus utilization. Latency is not a primary focus and, although
PCI Express does look promising in this respect, latencies are fairly
high. To further complicate things, data has to traverse multiple busses
until it reaches the PCI bus and the network interconnect which
increases the latency.

All this means that the data rate available for transporting data to
and from the processing element is, depending on the actual PCI bus
version used, fairly high as well as the latencies involved. Traditionally
clusters has been programmed using message passing where typically a
high data rate is more important than low latencies. However, as we
will see later in section 5.1, software DSM systems would benefit from
low latencies and the design of such layers are complicated by the high
latencies.

3.2 Network technologies
There are three major network technologies used in clusters. The
cheapest one, which also has the lowest performance, is ordinary
Ethernet which is commonly used to connect personal computers to
corporate networks or the Internet. Today Ethernet should be consid-
ered a low-end solution even if gigabit Ethernet or even 10 gigabit
Ethernet is used. Ethernet is designed for general data communication
and is not well suited for clusters. One of the reasons is the way data is
transported on the network. The data is put into packets in a way that is
suitable for transporting to any node in a very large network, normally
the Internet, while in a cluster the number of processing elements is
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fairly small and the way Ethernet lays out data will only increase the
latency of routing.

There are however network technologies which are tailor-made for
clusters but which also are more expensive. The two most important
ones are SCI and Myrinet [11, 34]. Both of these put data into packets
which are efficiently routed. SCI is a so-called remote operation net-
work which means that it is possible to access memory in a remote pro-
cessing element through the network and perform operations such as
load, store, and even atomic fetch-and-add operations. The latency of
such operations is typically in the range of 1 microsecond for write
operations and up to 3-4 microseconds for read operations [16]. Sev-
eral write operations can be simultaneously in transit which increases
the data rate. With recent versions of SCI it is possible to achieve data
rates exceeding 300 megabyte/s, for 66 MHz PCI busses, at latencies,
as seen by the application, as small as 1.4 micro seconds with favorable
PCI bus conditions. The SCI network is based on ring structures. The
data is forwarded in each device until it reaches the transmitter where it
will be removed. The receiver changes the data on the fly to indicate
that it has received properly, see figure 6. In most cases no switches are
needed although SCI switches are available. This because current SCI
cards as those from Dolphin can participate in several rings at once and

Figure 6: An SCI ring. The sender removes data from the ring
while the receiver modifies data on the fly and intermediate

devices forward data.

Intermediate
device

Intermediate
device

Receiver

Sender
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very efficiently route packets on-the-fly from ring to ring [16]. It is
thus possible to build elaborate structures such as a 2-D torus or even a
3-D torus without switches.

Myrinet is a more traditional network in that the normal program-
ming API provides primitives for transmitting and receiving packets.
What makes Myrinet stand out is, however, the ability to program the
network hardware. A large part of the network handling is performed
in software which is executed by a custom CPU which is on the Myri-
net network card and it is possible to replace the software so as to add
functionality. Doing that, it is possible to implement remote operations
and even higher level operations such as lock operations, barrier opera-
tions, or even memory transfer operations. The drawback of the Myri-
net hardware is its fairly high latency of roughly 3.5 microseconds for
current network cards and small messages. The data rate goes up to
250 megabyte/s for 133 MHz PCI-X. The performance is thus slightly
lower than current SCI cards and this is likely due to the software net-
work handling as comparable Myrinet cards which use slower custom
processors have significantly higher latencies. It is also likely that
Myrinet has designed their cards using a more pessimistic model of the
PCI bus latency where the overhead of the software can be overlapped
with the PCI bus latency. Myrinet is a switched network with a central
network switch.

Most high-end clusters use either SCI or Myrinet networks.
Roughly 37% of the 500 most powerful computers in the world use
Myrinet.

The attainable network latency and data rate is to large extent lim-
ited by the way the network card is connected to the processing ele-
ment. The technology trend during the last decade has been that the
attainable network latency has not changed very much while the data
rate has risen but has not scaled in the same rapid pace as processor or
even memory performance. Therefore, in quite a few clusters, the net-
work is today the bottleneck and it is likely it will continue to be that
for the forseeable future.

3.3 System software
As mentioned earlier the system software is a vital part of clusters as
means for high performance computing. A major mile-stone for cluster
system software was when the first MPI standard arrived in 1994 [32].
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It was now possible to write reasonably portable applications that
could run on several different supercomputers. Personal computers
became, at about the same time, powerful enough to run Unix operat-
ing systems such as BSD or Linux and this spurred the development of
several different cluster projects. One of the most well known projects
is the Beowolf project which in 1994 produced a cluster for NASA
[51].

Many clusters are now is use. Examples are the clusters for web
page indexing run by Google and the, in June 2004, second fastest
computer which is a cluster, located at Lawrence Livermore National
Laboratory, with 1024 processing elements each having four Itanium2
processors.

Application areas for high performance clusters include automotive
design, geophysics, weather and climate research, databases, and semi-
conductor development.

Clusters are message passing parallel machines by design and are
typically programmed using message passing using PVM, MPI, or any
other message passing system [8, 32]. This thesis is, however, con-
cerned with making it possible to program a cluster as though it was a
shared memory parallel machine.
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4 Shared memory programming models

There are several proposed ways of programming a machine with
shared memory. The different proposals are commonly called pro-
gramming models. There are a few abstract definitions of what a pro-
gramming model is. One definition is that a programming model is an
abstract machine providing certain operations to the programming
level. In practice, for the programming models I’m discussing in this
chapter, this means that a shared memory is available and accessible
using ordinary memory operations such as loads and stores, and that
there exists primitives, as run-time library functions, macros or com-
piler constructs that allows for creation and synchronization of threads.
The semantics of these primitives are different for the various pro-
gramming models and in the next sections these differences will be dis-
cussed.

The programming models I’m going to discuss are the POSIX
thread API, ANL-macros, and OpenMP. All of these use a thread-level
fork-join programming model. I will use a simple vector addition
example while describing the different models. A sequential version of
the example in pseudo-code similar to C is in figure 7.

I will use this example and present variants consistent with the dif-
ferent programming models.

Figure 7: A simple vector addition example.

int A[10];
int B[10]; /* A and B are the two vectors that are to be added. */
int Result[10]; /* This vector holds the result. */

void VectorAdd(void)
{

int i; /* i is the index variable. */
for(i=0;i<10;i++)
{

Result[i]=A[i]+B[i]; /*Add each individual element. */
}

}
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4.1 The POSIX thread API
The POSIX thread API, or pthreads, as it is often called is a standard
describing an operating system interface for multithreaded applications
[22]. It is very general since it is supposed to be use by any kind of
multithreaded application. It is usually implemented as a run-time
library and the API itself consists of a number of C functions. There
are functions to create threads, manipulate and destroy threads, syn-
chronize threads using mutual exclusion, and also signal threads using
condition variables. The standard defines variants of the synchroniza-
tion primitives that avoids priority inversion and other anomalies. The
POSIX thread API is often used for course grain multithreading where
for instance threads are spawned to handle I/O, graphical user inter-
faces, and similar tasks. In such applications, threads are created or
synchronized rather infrequently. The vector addition example in a par-
allel pthreads version is presented in figure 8. The example is simpli-
fied for brevity. Error handling is for instance omitted.

The POSIX thread API forces you to implement the parallel por-
tions of your code as functions. These functions are then executed by
the spawned threads. The functions take one pointer as argument and
can return an integer. Threads are created with the pthread_create
primitive which takes four parameters. The first is a pointer to a handle
which is used to identify the spawned thread. The second parameter is
a pointer to a structure which is used to set attributes such as stack size
on the created thread. The third is a pointer to the function to be exe-
cuted and the fourth is the argument to pass on to the function. I’m
using the argument, in the example, to differentiate between the
threads. Two threads are used in the example. It is relatively cumber-
some to adapt a program based on pthreads to different levels of paral-
lelism, i.e., different number of threads.

You can wait for spawned threads to finish using the pthread_join
primitive which takes a pointer to the thread handle as parameter.

In the example, one thread is spawned and then the ParallelFunction
function is called explicitly yielding two threads executing in parallel.
The vector addition is performed in the function and the iteration space
as executed by the two threads is adjusted so as to no iterations are exe-
cuted twice. This has to be done by hand as pthreads do not provide
any primitives to help work sharing.
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4.2 ANL macros
ANL macros were developed at the Argonne National Laboratory to
aid in developing parallel shared memory applications. Several revi-
sions of the macros are currently available ranging from the original
m4 package for HEP Fortran, to the variant used in the SPLASH
benchmarks, and to p4 [31, 49]. I refer to these different packages col-
lectively as the ANL macros.

Figure 8: A simple parallel vector addition example using
pthreads.

int A[10];
int B[10]; /* A and B are the two vectors that are to be added. */
int Result[10]; /* This vector holds the result. */

void ParallelFunction(void * argument)
{

/* The argument is used to differentiate between the threads. */
int thread_id=(argument!=0);

for(i=0+5*thread_id;i<5+5*thread_id;i++)
{

Result[i]=A[i]+B[i]; /* Add each individual element. */
}

}

void VectorAdd(void)
{

int i; /* i is the index variable. */
pthread_t thread1; /* thread1 is a handle for keeping track

of the spawned thread. */
pthread_create(&thread1,(void *)0,&ParallelFunction,(void *) 0);

/* pthread_create spawns a thread. It takes several
arguments. Many of them are normally left unused.*/

/* Now execute some work myself. */
ParallelFunction((void *)1); /* 1 is passed as argument so that the function

can keep track of thread identities. */
pthread_join(&thread1); /* pthread_join waits until the thread identified

by the handle has finished executing. */
}



22

The ANL macros are, in contrast to pthreads, designed to aid in high
performance shared memory applications and provide a number of
primitives which are useful to such applications. Such primitives
include primitives for allocating shared memory, lock operations, bar-
riers, and primitives for distributing for-loop iterations among threads.

The vector addition example in an ANL macro version is in figure
9. The example is again simplified for brevity. Error handling is omit-
ted and the syntax of the macros are simplified.

A number of macros have been inserted into the example.
MAIN_ENV is used to set up variables that the ANL macro environ-
ment use internally. MAIN_INITENV and MAIN_END is used to ini-
tialize and shut down the ANL macro environment respectively.
GSDEC is used to declare parallel for-loops while GSINIT initializes a
declared loop. Iterations from a parallel for-loop is requested with
GETSUB. Threads are created with CREATE and are joined with
WAIT_FOR_END. Shared variables are explicitly allocated with
G_MALLOC and declarations of shared variables must thus be rewrit-
ten.

The parallel portions need to be rewritten into functions just like
when using pthreads. The threads are explicitly spawned and joined,
again just like with pthreads. There is however no need for micro man-
agement of threads and there is support for distributing the iterations in
a for-loop among threads. This makes it easier to adapt the application
to varying degrees of parallelism. The program will however still have
to be in large parts rewritten when parallelized.

4.3 OpenMP
One recent and very promising proposal is OpenMP which uses direc-
tives inserted into the source code [35, 36]. These directives can be
used by a compiler to generate a parallel executable, see figure 10 for a
OpenMP version of the vector addition example. The example is, in
contrast to the pthreads and ANL macro examples, not simplified.

There is one directive in the example. The directive instructs the
compiler to transform the following for loop into a parallel for-loop. It
also instructs the compiler to spawn threads before the for-loop and
join the spawned threads afterwards. The number of threads spawned
is determined at runtime and the for-loop adapts to the number of
threads. The use of OpenMP will thus, in comparison to pthreads and
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Figure 9: A simple parallel vector addition example using ANL
macros.

MAIN_ENV /* This is a macro that sets up global variables used by the
rest of the macros and the environment. */

/* You have to explicitly allocate shared memory when
using the macros. The vectors are therefore replaced
with pointers. */

int *A;
int *B;
int *Result;

GSDEC(loop); /* This macro declares the data structures needed to
implement a parallel loop. */

void ParallelFunction(void ) /* Note that the ParallelFunction function does
not take any parameters. */

{
int i; /* i is the index variable. */
while(GETSUB(loop,i,9,2),i>=0) /* The GETSUB macro requests a new

iteration to perform. */
{

Result[i]=A[i]+B[i]; /* Add each individual element. */
}

}

void VectorAdd(void)
{

MAIN_INITENV(,80000000); /* This macro sets up the environment. */
GSINIT(loop); /* This macro initializes the parallel loop. */
A=(int *) G_MALLOC(10*sizeof(int)); /* Allocate memory for the shared

variables. */
B=(int *) G_MALLOC(10*sizeof(int));
Result=(int *) G_MALLOC(10*sizeof(int));
CREATE(ParallelFunction); /* Spawn one thread */
ParallelFunction(); /* Do some work myself. */
WAIT_FOR_END(1) /* Wait for one spawned thread to finish. */
MAIN_END; /* This macro shuts down the environment. */

}
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ANL macros, make it possible for the programmer to avoid restructur-
ing of the code.

OpenMP directives exist for creation, coordination, and synchroni-
zation of threads. The directives allow for both loop-level and func-
tional parallelism. Data clauses that describe whether variables are
shared or private can be added to the directives. In addition to the
directives, the OpenMP specification describes a number of run-time
library functions that for instance can be used to inquire the number of
currently running threads.

One interesting feature of OpenMP is that if all directives are
removed from a well-written program the resulting program would still
be a valid, although sequential, program. The directives are in fact
designed so that properly written OpenMP programs can be compiled
with non-OpenMP compilers and the resulting executable is a sequen-
tial program.

OpenMP differs from previous shared memory programming stan-
dards in the use of compiler directives which makes it possible to do

Figure 10: A simple parallel vector addition example using
OpenMP.

int A[10];
int B[10]; /* A and B are the two vectors that are to be added. */
int Result[10]; /* This vector holds the result. */

void VectorAdd(void)
{

int i; /* i is the index variable. */

/* The following line is an OpenMP directive. It instructs the compiler to rewrite
the following for statement into a parallel for statement which is executed by
several threads. It also instructs the compiler to spawn threads before the for
statement and join them afterwards. A, B, and Result is treated as shared
variables. */

#pragma omp parallel for shared(A,B,Result)
/* The index variable i is private by default */

for(i=0;i<10;i++)
{

Result[i]=A[i]+B[i]; /* Add each individual element. */
}

}
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advanced compiler optimizations where the compiler restructures the
program to better suit the target platform. This opens up for interesting
research topics and in fact some of the studies proposed in this thesis
deal with compiler optimizations. The programmer do not have to
restructure the code when parallelizing which leads to a more rapid
application development.

The first OpenMP specification was released in 1997 by an industry
consortia and was largely based on a previous standardization effort
called X3H5 [35]. There has since been several revisions to the specifi-
cations and the current version is 2.0 which is available both for the
Fortran, C, and C++ languages [36].

Several compiler vendors were part of the specification process and
rather soon after the release of the specification, commercial OpenMP
compilation systems were available from several vendors. An OpenMP
compilation system typically consists of a compiler and a run-time
library. Research compilation systems, although rather few, were soon
to follow the commercial systems one of them is the compilation sys-
tem developed as part of this thesis and supported by the Intone project
[6, 25].

The research compilers are normally source-to-source compilers,
i.e., they take source code as input and generates source code as output.
This makes them fairly architecture independent and thus portable [5,
12, 25, 43].

Vendor compilers on the other hand generate object code directly
and because of that optimize the code more efficiently.
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5 Software distributed shared memory systems

The history of software DSM systems is now well over a decade long.
This chapter highlights the most important research advances during
that time.

5.1 The pioneer
IVY, Integrated shared Virtual memory at Yale, designed by Kai Li,
was the first software DSM system described in literature [30]. It main-
tained coherency on a virtual memory page grain size using only soft-
ware and the virtual memory system. Systems like IVY are called
page-based software DSM systems.

With IVY, Li opened up the research field and identified several
important research topics that still are being investigated. Most impor-
tantly it was found that:

• The average memory latency in a software DSM machine — which
is mainly determined by the communication network latency — is
the main performance bottleneck.When a shared variable is found to
be located in another processing element’s memory, it must be
requested. This is done by a handler similar to a virtual memory
page fault handler that sends messages and receives messages over
the communication network. The application itself is not aware of
this but sees an increased latency for certain memory accesses.

• The experiments on IVY showed that virtual memory page sizes
larger than 1 kilobyte caused congestion in the communication net-
work. In fact, the performance of the coherency protocol is limited
by the size of the virtual memory page.

The majority of the research conducted since IVY have consisted of
proposals for new coherency protocols and memory consistency mod-
els which reduce the risk of communication network congestion and
which try to hide the memory latency. The main reasons for this are
that modern microprocessors can only support virtual memory page
sizes equal to or larger than 4 kilobyte and that the performance of
microprocessors have increased much more rapidly than the perfor-
mance of communication networks.
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5.2 The breakthrough
IVY spurred several research projects. One of them was Munin [14]
which used several different coherency protocols and let the program-
mer decide which protocol to use with each shared variable. This was
done by inserting variable type modifiers into the source code. For a
listing of the available variable types, see table 2.

Munin also supported a release consistency memory model and the
use of release consistency enabled much more aggressive hiding of
memory latency and nearly all software DSM systems have since then
supported release consistency [18], or even weaker memory consis-
tency models. IVY, in contrast, supported only sequential consistency
[28] which means that applications assume that modifications to a
shared variable immediately become visible to the other processing
elements. The multiple coherency protocols helped Munin to be very
efficient. However, its main disadvantage is that the programmer must
annotate each shared variable in the source code to get optimum appli-

Table 2: Types of shared variables in Munin.

Variable
type

Description

Read-only The variable is only read after initialization.

Migratory
The variable is read and written by one thread and later
read and written by another thread. Only one thread at a
time access the variable.

Write-
shared

Several threads are concurrently writing to different
parts of the variable.

Producer-
consumer

The variable is written by one thread and read by
another.

Reduction
The variable is updated using atomic fetch-and-update
primitives.

Result

The variable is updated in two phases.In the first phase
several threads update the variable followed by a phase
where one single thread is exclusively accessing the var-
iable.

Conven-
tional

The variable is of no specific type. IVY’s coherency pro-
tocol is used.
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cation performance. This can be very cumbersome in a large applica-
tion.

The research on Munin led to the most well known system, Tread-
Marks, that is arguably the first really usable software DSM system [2,
27]. TreadMarks introduced a version of the release consistency mem-
ory model called lazy release consistency [27]. Lazy release consis-
tency means that modifications to shared variables are not conveyed to
other processing elements unless those processing elements, subse-
quent to the modification, actually access the variable. The main
advantage of supporting lazy release consistency instead of release
consistency is that the communication network traffic is drastically
reduced. Thus, the risk of congestion in the communication network is
reduced.

By using lazy release consistency TreadMarks did not need to use
multiple coherency protocols to yield good application performance.
This greatly simplified the task of writing applications. TreadMarks is
designed as a software library that is linked with the application. The
TreadMarks library provides synchronization primitives and means to
allocate memory blocks that are shared by all threads. The application
is augmented with calls to synchronization primitives and calls to ini-
tialization routines that initialize the library. Because of the perfor-
mance and ease of use, TreadMarks gained widespread acceptance.

Since TreadMarks, the research on page-based software DSM sys-
tems has, with some exceptions, focused on enhancing lazy release
consistency with aggressive latency hiding techniques such as
prefetching, and extending the idea of multiple protocols that Munin
introduced. Several so called adaptive protocols have been developed
that automatically, guided by a set of heuristics, choose a coherency
protocol at runtime for each shared variable or virtual memory page
[3, 4, 33].

Research has also been conducted on home-based lazy release con-
sistency where each virtual memory page is assigned to a processing
element [56]. Home-based lazy release consistency simplifies the
design of the coherency protocols and also reduces the memory foot-
print needed to implement the protocols in software. The performance
difference between systems based on home-based lazy release consis-
tency and ordinary lazy release consistency is small [15].
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All the systems up to TreadMarks assumed that there is only one
microprocessor per processing element. As computers equipped with
several microprocessors have become increasingly more common the
research on software DSM systems has shifted to systems for machines
whose processing elements consists of multiple microprocessors [42,
52].

5.3 Non page-based systems
It is not necessary to base a software DSM system on the virtual mem-
ory system. Some systems, such as Blizzard-S [46], DSZOOM [41],
and Shasta [45], instead use instrumentation of load and store instruc-
tions to check state and to maintain coherency on a smaller grain size
than a virtual memory page. This instrumentation is done automati-
cally in the compiled executable code of the application. In essence,
each access to a shared variable is wrapped with code that checks
whether a copy of the variable corresponding to the access is present in
the memory of the processing element or must be requested from
another processing element.

The advantage of this approach is that the coherency protocols are
not limited to using virtual memory pages but can use much smaller
memory objects. This yields a more efficient use of the communication
network and better application performance. The disadvantage is that it
must be possible to rewrite the application object code to use this tech-
nique. This is only practical on certain microprocessor architectures
and so this technique has not become widespread. In addition, the
instrumentation add additional microprocessor instructions which
means that the instrumented version of an application have a longer
execution time on a single processor than a not instrumented version.
The difference in execution time can be quite significant.

5.4 Hardware hybrids
During the last few years several interesting proposals have been made
where techniques originating from software DSM machines are used to
either make the hardware for maintaining coherency in shared memory
parallel machines more simple or to increase the performance of such
machines. An example of this is Simple COMA [44] where basic sup-
port for the memory coherency is maintained in hardware while high
level functions in the coherency protocol is implemented in software.
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Simple COMA is a practical approach for implementing a COMA [19]
protocol in a shared memory parallel machine and the Wildfire
machines are one commercial example of simple COMA [20].

Another commercial example is the Origin 2000 in which tech-
niques from software DSM systems are used to automatically move
data at runtime between processing elements as to increase the perfor-
mance of the running application [29].
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6 Summary of contributions

This thesis consists of several studies. These studies and their contribu-
tions are briefly summarized in the following sections.

6.1 A study of message size distributions
It is known that the performance of an application running on a soft-
ware DSM machine is lower than when it runs on a message passing
machine, and that the bandwidth of most communication networks is
higher for larger messages than for smaller. In the study of paper I, it
was found that the relative communication time in the software DSM
machine is higher than in the message passing machine, and that this
difference increases with the number of processing elements. A
decreasing fraction of small messages was found with increasing sys-
tem size in the message passing machine but not in the software DSM
case.

Although a lot of research on coherency protocols for software
DSM system have been conducted, very little has been known about
the achievable performance of a software DSM machine given an ideal
coherency protocol. The performance depends very much on the usage
of the communication network and so studying the behavior of a soft-
ware DSM machine and a corresponding message passing machine
would give valuable insight into the performance aspects of software
DSM machines.

In the study the most important parameters measured and analyzed
were the message sizes and the time when the transmissions of mes-
sages take place. These parameters were measured for the execution of
message passing and shared memory versions of scientific benchmarks
with different communication behavior. In addition, the execution time
and its breakdown into, i.e., time spent communicating and busy time,
was measured.

The message passing parallel machine used MPI [32] and the soft-
ware DSM machine used TreadMarks. Both machines are based on the
same hardware, an IBM SP2, which is optimized for message commu-
nication. Three scientific computing benchmarks from the SPLASH
[49] and NAS [7] benchmark suites were used: Barnes-Hut, Water, and
FFT.
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It was found that the message passing versions outperform the soft-
ware DSM versions when the number of processing element increases.
The performance of the shared memory applications running on top of
the software DSM system is nevertheless comparable with the corre-
sponding message passing versions when the number of used process-
ing elements is small, i.e., up to eight processing elements. One reason
for this is a difference in the network traffic patterns.

The study showed that the processing elements running message
passing based applications communicates using fewer and larger mes-
sages than a corresponding version running on a software DSM
machine causing a shorter communication time. The difference in net-
work traffic patterns becomes even more pronounced when the number
of processing elements increases leading to the difference in measured
performance. For instance, the fraction of small messages, caused by
applications running on the software DSM machine, remains approxi-
mately constant when doubling the number of processing elements
while in the message passing versions the fraction of small messages is
approximately reduced by 50%.

Two approaches for increasing the performance of shared memory
applications on software DSM systems were suggested in paper I.
Most importantly, work should be focused on altering the coherency
protocols so that the fraction of small messages is reduced. Also, the
performance would increase if the latency of messages sent on the
communication network is reduced.

6.2 A proposal for an OpenMP capable software DSM
system
Even though the research on software DSM systems has matured there
are issues remaining. Paper II discussed the shortcomings of software
DSM systems as of 1999 and proposed solutions.

One of the most important issues with the software DSM systems
was the use of non standard APIs and programming models. The state-
of-the art of that time was TreadMarks which used its own API [2].
The use of OpenMP as a unifying programming model was suggested
[35, 36].

It was observed that SMP nodes, i.e, processing elements with mul-
tiple microprocessors, had become common and cost efficient. It was
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stated that future software DSM systems should handle processing ele-
ments with multiple microprocessors efficiently due to this.

Stability, network performance, and network management were pin-
pointed as areas where effort should also be spent. A system where
monitoring daemons observe the activity on the processing elements
and also intervene and communicate with the processes was suggested
in the paper. This, thus, making it possible for the user to monitor and
control the execution of the applications. The use of, and integration of
support for, batch systems into the software DSM systems was also
suggested as means for gaining higher acceptance among end users as
monitoring systems and batch systems had been part of cluster system
software for some time.

It was discussed, in the paper, that the support for high performance
communication networks in software DSM systems was lacking. The
implementation of the coherency protocols was often intermixed with
the code for handling the network which led to systems that could not
easily be ported to new network technologies. A special network
library, called Balder Messages, was proposed and introduced as a
solution. Balder Messages provides a network technology independent
interface suitable to software DSM systems. The reasons for it being
suitable and an overview of the library were discussed.

It was also observed, in the paper, that the use of the network
resources were not optimal making it not possible to use the full data
rate of the networks. It was suggested in the paper that effort is spent
on changing the network traffic patterns of the software DSM systems.

6.3 Latency hiding and network traffic pattern
restructuring
In a software DSM system when a variable in another process is
accessed a time consuming message procedure will occur. The objec-
tive of the study in paper III was to measure the effect on the commu-
nication time of a pushing strategy based on the assumption that shared
variables in a loop are accessed equally each time and using the associ-
ated synchronization primitives as runtime markers. For a set of test
applications the communication time was reduced in average by 70%.

In a software DSM system, shared variables are fetched from the
processing element that produced the most recent value when it is not
present in the local memory upon a memory access. This high-latency
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operation can be hidden if the data is moved ahead of time, before it is
needed. Prefetching techniques, both manual and automatic, have been
proposed but they do not alter the basic request-reply scheme and gen-
erally requires a larger bandwidth on the network.

An alternative approach, investigated in paper III, is to let the pro-
ducer send shared data to presumed users before it is requested. It is
thus possible to avoid requesting shared data, which takes valuable
execution time, without sending more data on the communication net-
work.

The technique, called producer-push, described in this paper is auto-
matic and based on the repetitive behavior of the communication in
iterative scientific and engineering applications. It predicts the commu-
nication patterns of repetitive applications and sends data from the pro-
cessing element that update shared data, the producer to the presumed
user of the data, the consumer.

Producer-push is applicable to page-based software DSM system
where consumers requests data corresponding to an entire virtual mem-
ory page. Slightly altered, however, it would be possible to apply pro-
ducer-push also to shared memory parallel machines.

Producers in page-base software DSM systems do not respond to
requests of shared data with the contents of an entire virtual memory
page. Instead, only information regarding the most recent updates is
sent. These updates are called diffs. The system has a global notion of
time and each processing node knows when it last received a diff for
each of the virtual memory pages. When data is requested, this time-
stamp information is sent with the request so that the producer can pro-
vide the correct diff.

The prediction of communication patterns is performed using a set
of heuristic algorithms:

• For each incoming data request, the memory address of the corre-
sponding virtual memory page is stored and is appended to a linked
list structure associated with the most recently executed synchroni-
zation primitive. Each consumer has its own linked list.
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• When a synchronization primitive is executed, the associated linked
lists are checked. If a list is not empty, diffs corresponding to the
stored requests are sent, i.e., pushed, to the consumer corresponding
to the list. Several diffs are pushed in one single message if possible.

• The consumer stores each of the pushed diffs in a cache. Whenever
the consumer needs an update it checks the cache to see if there is a
corresponding diff in the cache. If a cached diff is present it is
immediately applied and a request need not be issued.

When using producer-push, the consumer do not need to request
shared data if a corresponding diff is already pushed to it. The time
spent waiting for the producer to respond is thus avoided. In contrast to
prefetching [9, 24], several small request messages are eliminated
when using producer-push and the corresponding replies can be aggre-
gated into a single message and a restructuring of the network traffic
pattern is achieved. The result is an increased fraction of large mes-
sages which means that the communication network can be used more
efficiently which is not the case when prefetching is used.

Previous suggestions for techniques that proactively send data, e.g.
adaptive protocols, either require source code modifications to the
application, which producer-push do not require, or they use too indis-
criminate heuristics that yield excessive usage of the available band-
width [27, 47].

In order to quantitatively measure the performance of producer-
push, an implementation using TreadMarks was made. Several com-
monly used benchmarks were run on an IBM SP2 using both the origi-
nal TreadMarks and the producer-push enhanced version. The
benchmarks used were IS, FFT, CG, and MG from the NAS benchmark
suite [7] and Water and Barnes-Hut from the SPASH suite [49].

It was found that the fraction of the execution time spent waiting for
diffs is effectively reduced by using producer-push. The average reduc-
tion was 74%. This resulted in a average increase of speedup, when
using 8 processing elements each containing one processor, of 23%. In
no case did producer-push cause any performance degradation.

The accuracy of the prediction of communication patterns was also
determined. It was found that producer push can predict on the average
79% of the data requests and on the average over 85% of the pushed
diffs were used by consumers.
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The amount of data sent on the communication network were also
observed. It was found that producer-push indeed reduces the number
of messages sent and that the average message size is increased. Even
though not all diffs can be predicted the total communication network
data rate used by the applications was only increased with on average
4% when producer-push was used.

6.4 Using priorities to reduce latencies
Some software DSM systems make no difference between synchroni-
zation and data messages. The purpose of the study in paper IV was to
evaluate the performance consequences of reducing synchronization
latency by introducing priorities in the message buffers maintained by
the software DSM system. It was shown that the latency of synchroni-
zation messages is effectively reduced regardless of network design
parameters when priorities are used and if the messages are delayed by
data messages.

In a software DSM machine, there are two types of coherency mes-
sages: Data messages that contain memory data and control messages
that are used for synchronization and exchange of coherency informa-
tion. These messages are sent and received in FIFO order. For some
latency hiding techniques, such as producer-push, and certain coher-
ency protocols, the control messages get delayed behind data messages
in the FIFO buffers [10]. This leads, in turn, to a higher latency of syn-
chronization primitives which has a negative effect the execution time
of applications executing on top of the software DSM system.

In paper IV, it was proposed to let the control messages bypass the
FIFO. Each message is assigned a priority and high priority messages
are transferred ahead of lower priority messages. This functionality has
been implemented into a portable software communication library
called Balder Messages which is designed to support a software DSM
system. Balder Messages have a small set of primitives capable of the
most common types of message based communication. All primitives
operate on a linked-list based structure called chunk lists where each
link corresponds to a memory block. The use of chunk lists provides a
way to efficiently use DMA engines in the communication network.

Balder Messages implements flow control to not overload the com-
munication network and the mechanisms that enforce priorities among
messages are implemented into the flow control algorithms. It is found
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that the added complexity to the flow control algorithms is negligible.
The main differences between Balder Messages and other communica-
tion libraries, such as Fast Messages [37], VMMC [17], and PM [53],
are the use of priorities and the portability.

The communication library was evaluated using a cluster of Pen-
tium II nodes interconnected with a 100 Mbit ethernet. The cluster was
running a synthetic benchmark on top of a Unix operating system. The
evaluation shows that by using priorities the impact on the latency on
synchronization messages caused by other messages is very effectively
reduced.

A quantitative model was developed as a tool to investigate the
impact of priorities on a wide range of communication network tech-
nologies. It was shown that priorities has a large impact regardless of
network technology. The latency of control messages is reduced with
up to 25% per each delaying message if priorities are used. The impact
is greater when there is a mismatch between the latency and data rate
of the communication network. Generally speaking, the impact of pri-
orities depends more on the bandwidth than on the latency of the com-
munication network and also depend on the size of the delaying
messages.

6.5 Implementing OpenMP on Software DSM
An OpenMP compliant software DSM system has many benefits
which would attract users of high performance clusters. The objective
of paper V was to describe a fully compliant OpenMP 1.0 prototype
implementation on software DSM and to evaluate its performance. The
performance, as evaluated using a set of benchmarks from the
SPLASH-2 benchmark suite [55], was found to be competitive and
comparable to a commercial OpenMP system running on a shared
memory machine.

The software DSM system was built on-top of an existing software
DSM system called CVM [26]. The software DSM system was using
home-based lazy release consistency due to its robustness and simplic-
ity. The OpenMP implementation was the first complete OpenMP 1.0
cluster implementation without any limitations.

The software DSM system was targeted by an OpenMP compiler,
OdinMP, which was enhanced to target clusters as well as SMPs. The
enhancements were in two areas both related to shared variables:
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• The compiler was altered so that it explicitly allocated all global
shared variables and replaced all accesses to such variables to
accesses through pointers.

• Variables located on the stack of the thread executing the serial por-
tions of the code, the master thread, can be made shared. The com-
piler was augmented to move all shared variables located on the
master thread’s stack into a single shared stack located in the shared
memory.

Significant effort was put into reducing the amount of network traf-
fic in the cluster as caused by coherency operations. In OpenMP the
flush directive is the basis for consistency. OpenMP flushes can be per-
formed on a set of variables or the entire memory space. The software
DSM system in paper V differentiates between these two types. It
implements flushes using a scheme similar to distributed locks and
piggy-backed coherency information onto an imaginary lock which is
acquired and then released during a flush operation. Doing this reduces
the amount of network traffic, especially in the case when the flush is
performed on a set of variables. It was shown in the paper, using the
EPCC micro-benchmarks [13], that by carefully using the flush imple-
mentation a number of OpenMP constructs could be implemented effi-
ciently.

The entire compilation system was evaluated on an IBM SP2
machine using FFT, LU and Water-spatial from the SPLASH-2 bench-
mark suite [55]. It was compared to MIPSpro, a commercial OpenMP
compiler whose executable output were run on an SGI Origin 3800.
The relative speedups, as compared to sequential versions of the
benchmarks, on 8 processors ranged from 4.1 to 6.5 for the software
DSM system. The speedups for the executables generated by the
MIPSpro compiler was 6.8 to 7.8 for 8 processors.

6.6 An OpenMP source to source compiler for C and
C++
OpenMP relies on an OpenMP aware compiler to do code transforma-
tions so as to produce a parallel program. There are however few effi-
cient open source OpenMP compiler systems suitable for research.
Paper VI presented such a compiler system for C and C++, showed the
code transformations that are performed, and evaluated the perfor-
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mance of the generated code. The efficiency of code generated by the
compiler was shown in the paper to be good and the performance of
the generated code to be par with commercial vendor compilation sys-
tems for a wide range of benchmark applications.

The compilation system presented in paper VI consists of a com-
piler and a run-time library. The functionality of the run-time library
was outlined and an overview of the compiler was discussed. The com-
piler is a source-to-source compiler written in C++. The source code of
the compiler is highly portable and available under a very liberal
licence.

Some limitations to the compiler were listed in the paper. These lim-
itations have been removed since the paper was written and, as of the
time of this being written, a new version of OdinMP, the compiler, is
under preparation which supports all of OpenMP 2.0 including so
called threadprivate variables, and volatile variables [36]. The lan-
guage support is also improved to fully support ANSI C99.

It was shown, in the paper, how a few different OpenMP directives
such as the parallel directive, the for directive, and some synchroniza-
tion directives are transformed. It was also described how storage
attributes are handled.

The performance of the compilation system was evaluated using the
EPCC micro-benchmarks and OpenMP versions of Barnes, Cholesky,
FFT, LU, and Ocean from the SPLASH-2 benchmark suite [13, 55].
The system was evaluated on an Intel based machine running Linux
and an SGI Origin 3800 running IRIX.

The data gathered with the micro-benchmarks showed that the com-
pilation system produces code with about the same, or better, over-
heads than code generated by the SGI MIPSpro 7.3 and the Intel C/
C++ compiler version 8.0 compilers. The only exception was the over-
head of parallel for-loops where the vendor compilers can do better
optimized code since they generate object code directly.

The applications from the SLASH-2 benchmark suite were run on
the SGI machine and compared to versions compiled with the SGI
MIPSpro compiler. It was shown that the performance of the code gen-
erated by the presented compilation system was very close to code gen-
erated by the vendor compiler and even better than the vendor compiler
in a few cases.
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The performance of the generated code when running on one pro-
cessor was very close to the performance of a purely sequential ver-
sion. The performance difference was in one case 3% but generally
less than 1%.

6.7 An OpenMP run-time library for clusters
A compilation system for OpenMP typically consists of a compiler and
a run-time library. Paper VII described a portable run-time for
OpenMP called Balder. The run-time can handle both clusters and indi-
vidual processing elements. The design of the library and the function-
ality provided by the primitives in the library were discussed in the
paper. The performance of the library was found to be competitive
when compared to a commercial compilation system.

The presented run-time library complements the compiler presented
in paper VI and forms a compilation system with the compiler. The
design of the run-time library is modular to help porting efforts and the
library has already been ported to several different types of operating
systems and microprocessors. The design of the library was discussed
in the paper. Internally, the library has several sub-libraries which are
used to hide operating system and architecture specific features from
the rest of the library.

OpenMP 2.0 is supported and the library provides the compiler with
a number of primitives that the compiler can use to implement
OpenMP constructs [36]. The paper presented the functionality of
some of these primitives and their implementations on clusters were
discussed. Most of the functionality outlined in paper II is provided.

The run-time library has a built-in software DSM system based on
home-based lazy release consistency to provide a shared address space
on a cluster. The software DSM system was briefly described in the
paper and the transformations performed by the compiler to handle
shared variables were presented.

Two planned advanced features under implementation in Balder
were also described in the paper. One of the features is an extension to
the coherency protocol which makes it possible to achieve coherency
on a smaller gain size through the use of compiler inserted coherency
checks.

The other advanced feature is support for a set of compiler direc-
tives that describes the data sharing patterns. The information in the
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directives is passed on to the run-time library through code generated
by the compiler. The information is then used by the run-time to proac-
tively send data between processing elements and perform message
passing so as to increase the performance of the coherency protocols.

The run-time library has been evaluated using the EPCC micro-
benchmarks on a dual-Pentium III machine [13]. The overheads of
common OpenMP constructs as measured by the benchmarks were
found to be very competitive when compared to the Intel C/C++ com-
piler version 8.0.
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7 Concluding remarks

The work I have performed is rather well summarized in the title of the
thesis. I have investigated the performance aspects of software DSM
systems and have tried to improve on the performance with a few dif-
ferent technologies. A large part of the thesis is devoted to OpenMP
compilers, OpenMP run-time libraries and methods for executing
OpenMP applications on clusters.

To recap, the main contributions in the thesis are:

• An in-depth study of the message communication in software DSM
systems and message passing systems indicating that one major
contributing factor to the performance difference between applica-
tions running on software DSM systems and message passing appli-
cations is the use of the communication network. The software
DSM systems tend to use many and very small messages which will
not utilize the network efficiently. Message passing applications
tend to use fewer but larger messages which suits high performance
networks better.

• A pushing technique which, by predicting the communication pat-
terns of iterative applications, can proactively send data before it is
used and can therefore significantly increase the performance of
software DSM systems.

• A critique of software DSM systems as of 1999 and a proposal for a
software DSM system infrastructure based on OpenMP.

• A messaging library for software DSM systems and an investigation
of the use of priorities to improve the latency of time-critical mes-
sages.

• An OpenMP compiler for C and C++ which is very competitive
when compared to commercial vendor compilers and can generate
code that, given a suitable run-time library, can be executed on a
cluster.

• A prototype OpenMP run-time library for clusters of uni-processor
processing elements.

• A more mature OpenMP run-time library that can handle clusters of
multi-processors and is competitive when compared to commercial
systems.
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The efficient use of the communication network is the key to
achieve good performance on clusters and so a major part of this thesis
is devoted to studies and techniques aimed at optimizing the network
utilization.

The compiler has also become very important with the acceptance
of OpenMP as a standard programming model. Compiler technology is
part of several of the papers in this thesis.

It is my belief that the work I have done in the areas of software
DSM system, OpenMP compilers, and OpenMP run-time libraries has
advanced the current state-of-the-art in those areas and with that I am
happy.

I see several directions for future work. Even though OpenMP can
be used on clusters, there is still work to do in defining programming
models to be used to program clusters efficiently. More and more
shared memory parallel machines are organized hierarchically yielding
radically different memory access latency for different microproces-
sors. This is very much the same as when software DSM systems are
used on clusters of multi-processors. This non-uniformity in memory
access latencies is something that I believe needs to be addressed in the
programming models. This effort can be focused on entirely new pro-
gramming models or, as I think is very much possible, extensions to
OpenMP. Part of this effort is compilers, compiler transformations, and
compiler optimizations which provide interesting problems.

There is still work to be done in the areas of fault tolerance and sys-
tem management for clusters. I have not touched on fault tolerance at
all in this thesis but, as the size of new clusters tend to increase, the
probability of one or even several processing elements failing during
execution of larger applications is increasing. I believe fault tolerance
and availability issues will be increasingly important in high perfor-
mance computing clusters.

The increasing interest in grid computing has introduced some
interesting problems. Grids are very large systems where large super-
computers or clusters are interconnected and the problems outlined
above become even more accentuated. The area of computational grids
have several interesting problems and is likely to be in the research
focus for quite some time.
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