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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
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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



8

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. */
}
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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



23

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.



29

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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Abstract. In this paper we analyze the characteristics of communica-
tion in three di�erent applications, FFT, Barnes and Water, on an IBM
SP2. We contrast the communication using two di�erent programming
models: message-passing, MPI, and shared memory, represented by a
state-of-the-art distributed virtual shared memory package, TreadMarks.

We show that while communication time and busy times are comparable
for small systems, the communication patterns are fundamentally di�er-
ent leading to poor performance for TreadMarks-based applications when
the number of processors increase. This is due to the request/reply tech-
nique used in TreadMarks that results in a large fraction of very small
messages. However, if the application can be tuned to reduce the im-
pact of small message communication it is possible to achieve acceptable
performance at least up to 32 nodes. Our measurements also show that
TreadMarks programs tend to cause a more even network load compared
to MPI programs.

1 Introduction

It has recently been quite popular to investigate the use of networks of work-
stations (NOWs) as parallel computing platforms with the motivation that they
should be more cost-e�ective than multiprocessors with highly customized hard-
ware and software. Since there is no hardware support in a NOW for shared
memory, the programming model of choice has been message-passing. While
message-passing is natural for some problems, it can be very cumbersome to use
for applications with irregular communications patterns and many programmers
feel that the shared memory programming model is a more natural approach to
parallel programming.

The choice of programming model is, however, not merely a choice of conve-
nience. It can also a�ect performance as well. Message-passing programs might
su�er from extra calculations and memory overhead to partition the data in a
regular manner in order to facilitate the programming of communication. Shared
memory programs might su�er from the separation of synchronization and data



2

communication and most importantly, in the case of a NOW, the lack of hard-
ware support for shared memory. It is therefore important to understand the
performance trade-o�s in choosing one programming model over the other.

This paper characterizes the communication patterns for three di�erent ap-
plications on the IBM SP2 coded in two di�erent programming models: message-
passing using MPI and shared memory using the TreadMarks DVSM package [1].
For this purpose, the IBM SP2 multiprocessor can be seen as a network of
rs6000 workstations, albeit with a specialized and high-performance network
switch. Compared to related work that compare these two programming mod-
els on platforms that do not support shared memory in hardware [4], we have
used more processors and concentrate more directly on the characterization of
communication patterns in the two programming paradigms.

To summarize, we have found that by using TreadMarks, there is a more even
load on the network compared to the MPI versions of the applications which
tend to have peaks of communication demanding very high bandwidth. On the
other hand, TreadMarks inherent request/reply nature results in at least 50%
very small messages leading to poor end-to-end bandwidth utilization. Moreover,
when the number of processors increase, the MPI programs tend to result in a
smaller fraction small messages while the situation is the opposite for Tread-
Marks further reducing the performance of TreadMarks.

The rest of the paper is organized as follows: Section 2 presents the two
programming models used in the study. This is followed by a description of the
three applications and the di�erences in communication. In Sect. 4 we present
results from measurements on an IBM SP2 and discusses the results before we
conclude in Sect. 5.

2 MPI and Distributed Virtual Shared Memory

Di�erent programming models will lead to di�erent communication patterns
even if the basic algorithm of the application is the same. We have used MPI
(message passing) and TreadMarks (shared memory) and compare the resulting
communication patterns.

2.1 MPI

The Message Passing Interface (MPI) standard was de�ned in a concerted e�ort
by both high-performance computing vendors and research institutes [5]. The
standard de�nes a variety of point-to-point send and receive primitives as well
some collective communication primitives that involves more than two processing
nodes. Table 1 lists the MPI routines used in the applications studied in this
paper. In addition to the primitives listed in Table 1, there are primitives to �nd
out the number of participating processors, and the rank, i.e. identity, of the
local processor.
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MPI primitive Application Meaning

MPI SEND Barnes Standard point-to-point send of messages.
Does not synchronize with the receiver.

MPI RECV Barnes Standard blocking receive of message from a
named sending node. When the program returns
from this call, a message has been received.

MPI BARRIER FFT Blocks execution until all processors have
called MPI BARRIER. Does not communicate
data but is used to synchronize the program.

MPI BCAST Barnes, Water A message is distributed from one processor
to all other processors.

MPI SCATTER Water A root node distributes its data across all
the other nodes.

MPI ALLGATHER Water,FFT All nodes fetches data from each node
and stores it in a local array.

MPI REDUCE FFT, Barnes, All nodes send a piece of data to the root
Water node that performs a reduce operation,

e.g. min., max or sum,on the collected data.
MPI ALLREDUCE Water The same as MPI REDUCE except that

the result is distributed to all participating
processors.

Table 1. MPI communication primitives used in the applications in this study.

2.2 Lazy Release Consistency shared memory

The other programming model we use for the SP2 is shared memory with the
Lazy Release Consistency (LRC) memory model as found in TreadMarks [1]. In
shared memory multiprocessors, communication occur implicitly based on what
data is modi�ed and when. Synchronization primitives such as locks for mutual
exclusion and barriers are often used to ensure that only one processor at a time
is modifying a particular shared data object.

The IBM SP2 does not implement shared memory in hardware and we there-
fore use TreadMarks, a Distributed Shared Virtual Memory (DVSM) system, to
provide a shared memory programming model in software [1], using the existing
virtual memory management system. Compared to a multiprocessor that imple-
ment shared memory in hardware, a DVSM system has a very high overhead
to maintain a coherent shared memory. In order to overlap some of the shared
memory communication with computation, TreadMarks uses a relaxed memory
consistency model with a multiple-writer, invalidate protocol.

The main idea behind relaxed memory models is that write operations need
not be conveyed to other processors immediately and that subsequent mem-
ory operations may bypass outstanding writes in order to increase the perfor-
mance [3]. Since most shared memory programs are data-race free, i.e., updates
to shared data are protected by critical regions, e.g. locks-unlocks, it is su�cient
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if information on updates are propagated to the other processors at the next
synchronization operation. In TreadMarks this memory model has been further
improved by delaying the time at which other processors are noti�ed of mem-
ory updates until a processor acquires the lock that was used to protect the
shared data. At the time of lock acquisition, all pages modi�ed by the previous
lock holder are invalidated. However, the update of the actual page contents is
deferred to the time when it is actually needed.

R W X U n lo ck  AL o ck  A

R  W X

R W Y U n lock  BL o ck  B

L o ck  A U n lo ck  A

R eq u est lock  a ccess A ccess  fa u lt. R eq u est
d iff fro m  o th er 
p rocesso r

P 0

P 1

P 2

RW X  R ead s and  w rites  to  ad d re ss  X
RW Y  R ead s and  w rites  to  ad d re ss  Y  in  sam e  p ag e  as  X

C rea te  tw in  a t 
first w rite  a ccess

C rea te  a n d  sen d  w rite  n o tice

C rea te  a n d  sen d  d iff

a lo n g  w ith  lo ck  g ra n t

Fig. 1. The Lazy Release Consistency protocol in TreadMarks defers the propagation
of consistency information to the latest possible moment.

Figure 1 shows a scenario that exempli�es how TreadMarks maintains con-
sistency. Processors 0 and 2 take turn in accessing a variableX protected by lock
A. When processor 0 �rst modi�es X , a copy of the page, in which this variable
is located, is created. This copy is called a twin. The twin is later used to make
an encoding, called a di�, of the changes made. The release of lock A will not
result in any communication as long as no other processor has requested the
lock. When processor 2 acquires the lock, it sends a message to the last holder
of the lock (via a lock manager) and requests information on which pages the
previous lock holder has modi�ed. Processor 0 responds with a write notice for
each modi�ed page along with the lock grant message. Processor 2 invalidates
these pages by removing the access privileges. Processor 2 will take an access
fault at the �rst access to the page in which X is located. It then requests the
changes, the di�s, from processor 0, the previous holder of lock A.

Note that during these operations, other processors can very well be accessing
other locations within the same page as long as these memory locations do
not overlap with X and they are protected by some other lock, e.g. lock B.
This multiple-writer protocol e�ectively removes the issue of false-sharing from
TreadMarks unless the same synchronization variable is used to protect an entire
page.
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The barrier operation, which is an important shared memory synchronization
operation, can with respect to memory consistency be modeled as all processors
performing a release followed by an acquire at the exit of the barrier. The e�ect
is that all processors become updated on all changes made by all other processors
and it is therefore a rather communication intensive operation.

Let us now describe the applications that we have used to characterize the
di�erences in communication between MPI and Shared memory versions of the
same algorithms.

3 Applications

Three di�erent benchmark applications, that all are part of the TreadMarks
application distribution, were used in the study. Barnes-Hut and Water origi-
nally from the SPLASH benchmark suite [7] and 3D FFT from the NAS bench-
marks [2]. The MPI versions were written based on the corresponding Tread-
Marks versions.

3.1 Barnes-Hut

This application is a simulation of the motion of bodies interacting with gravi-
tational forces. The bodies are hierarchically ordered in a tree where the inter-
nal nodes are called cells and represents collections of bodies in relatively close
physical proximity. The algorithm loops over a number of time steps, in which
the acceleration, velocity and position of each body are updated and the tree
is reconstructed. Some system-wide parameters, e.g., total energy and system
boundaries, are also calculated in each time step. All processors must have ac-
cess to all of the database since the gravitational forces from all bodies on each
body must be evaluated.

The TreadMarks version is directly taken from the TreadMarks distribution
and uses shared memory for the bodies and the cells. At the beginning of each
time step the root processor builds the tree and each processor processes its
part of the bodies. The databases and system parameters are distributed using
shared memory and the processors are synchronized using barriers.

The MPI version was developed from the shared memory version. It uses
exactly the same algorithm but the root processor broadcasts the bodies and
tree at the start of the time step and the slave processors send the updated
bodies back to the root processor. The system wide parameters are collected by
the root processor with reduction operations.

3.2 Water

Water simulates the dynamics of water molecules. Both intra- and inter molecule
forces are evaluated. Similarly to Barnes-Hut this means that all processors must
be able to read all of the database. However, unlike Barnes-Hut each processor
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not only update its own molecules but also those of others. In the original Tread-
Marks version the race hazards are solved by using one lock per molecule. This
approach proved to yield too much communication when directly ported to MPI
so instead a di�erent method was used. Each processor has a private copy of
its modi�cations of all of the molecules. At the end of the time step all proces-
sor's "di�s" are merged and applied. This optimization proved to be e�ective
in reducing the communication needed in the MPI version and it was therefore
also used in the TreadMarks version used in this study. The TreadMarks version
became more than twice as fast as a unmodi�ed version when running on two
nodes. When running on more nodes the di�erence was even higher due to the
reduced communication.

The algorithm uses a couple of small global reduction operations in each
time step. It also uses one large global sum for the "di�s" and a broadcast
for the distribution of the database. The MPI version uses the specialized MPI
operations for reduction etc. while the TreadMarks version uses shared memory
protected by barriers and locks.

3.3 3D FFT

This application is a PDE solver using a three dimensional FFT. It solves the
PDE by �rst doing a forward FFT and then stepping in time by updating the
frequency space and doing inverse FFT back into the time space. The FFT
and inverse FFT are done by allocating planes of the cube to the processors
and then performing two one-dimensional transforms along the two axis in the
plane. The cube is then transposed and a third one-dimensional transform is
performed. The transpose is the main communication problem. It is solved in
the TreadMarks version by simply using the shared memory and copying while
in the MPI version each processor needs to build a partially transposed cube
which is then broadcast to the other processors.

4 Results

4.1 Experimental test-bed

All measurements have been done on an IBM SP2 with 110 nodes using IBM's
native MPI library and TreadMarks v0.10.1. TreadMarks was modi�ed so that
pro�ling data could be collected during program execution. The network switch
of the SP2 has an end-to-end latency of about 40 �s using MPI [6] and measure-
ments have shown that the corresponding UDP/IP latency is about 200 �s.

The programs were compiled using AIX's own C compiler using identical
compile switches. They were executed on 1,2,4,8,16 and 32 node con�gurations.
Two runs were done for each program, with and without pro�ling. The run
without pro�ling measured the execution time while the pro�ling run gathered
execution statistics, see below. Two runs had to be performed since the pro�ling
code induces some overhead.
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Sequential execution time, together with workload parameters, are listed in
Table 2. The sequential execution time is the execution time of the parallel
version running on a single processor and is the same for both the MPI and the
TreadMarks version of the applications. The measured time does not include
the startup phase since the timing is started after the �rst iteration. This to
ensure a true speedup is calculated, i.e. the speedup of the parallel section of the
application.

The MPI versions were pro�led using IBM's own trace format and the Tread-
Marks versions by pro�ling code inserted into TreadMarks itself. Unless other-
wise stated, all pro�ling data were collected from all of the execution phases, i.e.
even the startup phase. During the pro�ling runs communication and processor
usage statistics were obtained. Pro�ling was done at the MPI API layer for the
MPI versions and at the TreadMarks API layer and at the UDP/IP socket API
layer for the TreadMarks versions. The execution times of all MPI and Tread-
Marks functions respective were measured as well as all socket read and write
calls in the TreadMarks library. Using these data the execution time of the ap-
plications could be broken down into busy time, communication time, i.e. time
spent sending or waiting for messages, and time spent in the TreadMarks library,
i.e. time spent ensuring consistency.

Application Workload Time (s)

Barnes-Hut 65536 bodies, 6 time steps 279
Water 1728 molecules, 5 time steps. 400
3D FFT 64 � 64 � 64 Cube, 64 iterations 54

Table 2. Application workloads and sequential execution times

4.2 Overall performance characterization

Figure 2 shows the speedup of the MPI and TreadMarks versions of the appli-
cations. As seen, there is a great variation in speedup among the applications
and implementations. In general, the MPI versions do relatively well in terms
of speedup, while the TreadMarks versions of FFT and Barnes perform very
poorly for large con�gurations. Let us examine the communication characteris-
tics in more detail.

Figure 3 displays the execution times of the applications subdivided into
busy time, communication time and TreadMarks time. The busy time for both
MPI and TreadMarks programs is the fraction spent executing useful code in
the algorithm. The Communication time in the TreadMarks versions is the time
spent blocking in socket calls while for the MPI programs it is the time spent
in MPI calls. The TreadMarks time is the time spent inside the TreadMarks
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library itself, i.e. everything that is not in the algorithm and not in the socket
communication protocol.

Figure 3 shows that the relative importance of the communication time for
FFT and Barnes increases with the number of processors. In fact, it also increases
in absolute time. Water, on the other hand, which has been tuned to aggregate
changes, displays a behavior for the TreadMarks version which is much more
similar to the MPI version.

Tables 3 and 4 show the aggregate number of messages and the total amount
of data communicated in the MPI and TreadMarks versions of the applications
respectively. The MPI versions generally communicate more data than the cor-
responding TreadMarks versions. However, since this is done in fewer but larger
messages, the overall e�ect is a better speedup.

no. FFT Barnes Water
procs. Mbytes Msgs kbytes/ Mbytes Msgs kbytes/ Mbytes Msgs kbytes/

sent sent message sent sent message sent sent message

2 260.0 194 1372.4 68.76 108 652.0 14.0 108 174.9
4 780.0 972 821.7 178.0 324 562.5 38.8 286 139.0
8 1820.0 4088 455.9 381.2 756 516.3 88.0 934 96.5
16 3900.0 16560 241.2 781.7 1620 494.1 186.2 3190 59.8
32 8060.0 66464 124.2 1579.7 3348 483.1 382.6 11542 34.0

Table 3. MPI program communication characteristics
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no. FFT Barnes Water
procs. Mbytes Msgs kbytes/ Mbytes Msgs kbytes/ Mbytes Msgs kbytes/

sent sent message sent sent message sent sent message

2 136.5 35478 3.9 47.5 20508 2.4 10.7 3572 3.1
4 208.3 55536 3.8 141.4 91570 1.6 22.8 8381 2.8
8 246.5 71582 3.5 282.5 275965 1.0 47.8 18256 2.7
16 523.2 165960 3.2 533.9 856078 0.6 100.5 39936 2.6
32 1088.8 402504 2.8 976.4 2502602 0.4 222.4 92283 2.5

Table 4. TreadMarks program communication characteristics

4.3 Results and discussion

We will now further investigate the reasons to poor speedup for applications
using TreadMarks. From the communication statistics collected we have built
histograms on the size of the messages sent during the course of execution.
These show that TreadMarks distribution of message sizes di�er radically from
MPI's. MPI's distribution is polarized, i.e. the messages sent are either very
small or very large, while TreadMarks' are much more evenly distributed. A
typical distribution is shown in Fig. 4 for Water. The �gure shows the cumulative
distribution of the fraction of sent messages. The last value, corresponding to a
message size of 8192 bytes, in the distribution is the fraction of messages larger
than or equal to 8 k-bytes.
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Fig. 4. The distribution of message sizes for Water, a) TreadMarks, b) MPI.

A general trend that we have observed for all three applications is that the
fraction of small messages tends to decrease for the MPI versions when the num-
ber of processors increases, see Fig. 4. Although di�cult to discern from Fig. 4,
the opposite situation, i.e. the fraction of smaller messages increases, tends to
be the case for the TreadMarks versions. This will of course further reduce the
performance of TreadMarks as the number of processors increases. There are a
number of reasons to this di�erence in message size distribution. First there is a
di�erence in how the message size is measured. The communication data for MPI
is collected at the MPI API layer which means that no acknowledgment mes-
sages that MPI itself might need are shown. Since TreadMarks' communication
data is collected at the socket layer all TreadMarks' messages are shown. Thus
the fraction of small messages in the MPI's distributions could in fact be higher!
By running the FFT application on the free MPI implementation MPICH we
have seen that each MPI message produces roughly 3 to 4 network messages.
These additional messages are acknowledge and control messages. However, since
IBM's native MPI implementation is supported by the hardware in the network
interfaces of the SP2 nodes, it should produce fewer explicit control and acknowl-
edgment messages than MPICH.

Secondly, while an MPI version of a program can use arbitrarily large mes-
sages and thus optimize the program to a given network, a TreadMarks program
relies on the TreadMarks system for communication. Since TreadMarks uses the
virtual memory system, the maximum message size is limited by the virtual
memory page size. This can partly be alleviated by using larger page sizes in the
TreadMarks code [4], but the optimal page size is application dependent and not
always easy to estimate.
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Furthermore, due to the request/reply technique used in TreadMarks at least
50% of the total number of messages are small, i.e., requests.

Interestingly enough, the overhead of TreadMarks LRC protocol itself is rel-
atively small for Water and Barnes (up to eight nodes, see Fig. 3). For FFT it is
much more signi�cant. A closer examination reveals that the di�s in FFT's case
are three times as large as those in Barnes and Water. The di� generation and
application is the single largest component in TreadMarks overhead.
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Fig. 5. Message tra�c vs time for Barnes. Note the di�erence in scale on the y-axis.

We have also measured the network load induced by the di�erent applica-
tions. A typical example of how many bytes sent per time interval is shown for
Barnes in Fig 5. The other applications displayed similar characteristics. Note
that MPI sends up to 100 times as much data as TreadMarks per time inter-
val. Also note the more even distribution of messages caused by TreadMarks
as opposed to MPI's discrete distribution. The di�erence in the distribution of
communication over time indicates that TreadMarks might do better than MPI
on a network with limited bandwidth but low latency.
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5 Conclusions

We have studied and compared the communication patterns of three applications
under two di�erent programming models executing on the IBM SP2, message-
passing using MPI and shared memory using TreadMarks. The results show
that, for the applications studied, both programming models can be used with
acceptable performance using up to eight processors. However, for large con�g-
urations, the fraction of small messages inherent in TreadMarks leads to poor
performance.

TreadMarks causes a more even distribution of communication over time
which suggests that it is not as prone to congestion in the network as are MPI
applications. However, for the type of network used in the SP2, where the band-
width is not a problem, and if the message latency is still high the message
overhead will outweigh the potential bene�ts from less bandwidth demand.

We can therefore conclude that in order to improve the performance of a
DVSM system work should be done to reduce the latency of the network system,
decrease the number of sent packets and increase the size of sent network packets.
This can be done by using network drivers that implement more functionality in
hardware and by incorporating prefetch and producer push techniques into the
DVSM protocols.
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1.  ABSTRACT
In this paper, some of the weaknesses of the 
current software DSM systems are identified. 
Among these weaknesses are the lack of user 
friendly network management functions, lim-
ited performance on high performance net-
works, limited portability, and no standard 
APIs. OpenMP is proposed as a standard API 
for future software DSM systems and the net-
work management subsystem and network 
layer of the Balder system is described as an 
example of an infrastructure of a future DSM 
system.

1.1  Keywords
Software DSM systems, Network Protocols, Network
Management

2.  INTRODUCTION
Recent research on software DSM systems [4] has shown
that these systems can provide decent performance even
when compared to hardware based cc-NUMA machines.
Furthermore, software DSM systems yield good price/
performance as systems can be built from commodity parts
such as network interfaces and workstations or PCs.

In this paper we describe the management and network
infrastructure we have chosen for a new Software DSM
system, called Balder, which is in development at Lund
University, Sweden. The ideas and views expressed are
based on years of experience conducting performance
studies and development work on existing software DSM
systems such as TreadMarks [1] and CVM [6]. 

There are many evidences that software DSM has the
potential to provide a simple programming model for
parallel computing on distributed memory systems without
hardware support for shared memory. One of the main
weaknesses of current software DSM efforts lies in that the

programming interface does not conform to any standard and
it is our firm belief that there is a future for software DSM
systems only if we can base them on standards such as
OpenMP [11]. While this is probably a requirement for
acceptance, an OpenMP compiler can also make more
extensive analyses of the dataflow in the parallel regions
than an ordinary compiler due to the OpenMP directives.
The information obtained can be used to further tune the
software DSM system.

Furthermore, in order to gain broad acceptance, a great deal
of work must be done in the areas of stability, network
performance, and network management. Current software
DSM systems have not paid attention to these areas enough.
As cheap Intel-based SMPs recently have become common,
we also feel that future software DSM system should be
targeted to SMP nodes. 

In Section 3 we describe some of the problems of the current
software DSM systems. We describe how the Balder system
solves some of these problems in Section 4 and in Section 5
we end the report with some conclusions.

3.  SOFTWARE DSM SYSTEMS
For several years the dominant state-of-the-art software
DSM system for research has been TreadMarks. While
decent performance can be achieved on a wide range of
applications, TreadMarks has some limitations as described
below. These limitations are shared by many other software
DSM systems.

TreadMarks does not have any network management
support. It is hard to retrieve status regarding a specific node
in a running TreadMarks systems. Message passing systems
such as PVM [3], LAM [9] etc. are in this respect much
more advanced. Since TreadMarks run on loosely coupled
systems where hardware or software failures are not
uncommon, it is vital to be able to monitor the network.
Secondly, in TreadMarks there are no distinct interfaces
between the network handling code and the consistency
protocol handling code. This means in practice that it is very
cumbersome to implement support for new networks or even
to optimize the consistency protocols since these two are
moulded together. In the end this means that in order to
optimize performance on a specific network one will have to
rewrite a great deal of the consistency handling routines.
This is not only a waste of time, but it is also error prone and
it leads to code that is difficult to maintain. It should,
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however, be noted that there has been some recent work on
network independent protocols, for instance the GeNIMA
system [4].

There are no public software DSM systems, known to the
authors, that have network management functions. There is
some work going on in the field of fault tolerance though,
for instance by the Brazos [15] team. Some software DSM
systems like Cashmere-2L [16] and Shasta [14] utilize high
performance networks like Memory Channel. However,
most systems only support UDP or TCP sockets. Shasta and
Cashmere-2L are very hard to port as they rely on the
remote write feature of Memory Channel.

Finally, we can also note that the performance of
TreadMarks on high performance networks is limited. The
typical message size in TreadMarks is 2-3 kilobytes which
leads to only 63% of the asymptotical bandwidth on a high-
performance network such as SCI, see Figure 1. In order to
obtain good bandwidth on high-performance networks, it is
often necessary to increase the message size
substantially, [5]. 

4.  AN INFRASTRUCTURE FOR S-DSM
We will now describe the network layer and the network
management system used in Balder, the software DSM we
are designing.

4.1  Server processes 
The network is in Balder managed using dedicated daemons
in a way similar as to what LAM do [9]. Two types or
daemons are used: server daemons and slave daemons.

4.1.1  Server daemons
The server daemon provides basic network management
functions such as job status listings, node and network load
statistics and status to the user. The server collects this
information from several slave daemons that are run on the
actual computation nodes. The slaves communicate with the
server daemon using standard TCP/IP sockets. The server
does thus not need to run on any of the computation nodes

and it is typically run on a login node. It is the server’s
responsibility to spawn the slave daemons at system start
time. 

The management system and the network layer are closely
coupled as can be seen in Figure 2. Note that only the
management system use TCP/IP. The applications running
on the nodes use the high performance network and not
TCP/IP.

The user communicates with the server daemon using a
command line interface that can be reached by using a telnet
session. It is possible for the user to submit jobs to the
system, monitor and kill running jobs, and view various
statistics regarding the system.

4.1.2  Slave daemons
The slave daemons periodically check the status of the
running processes and report any anomalies to the server
daemon. They also send so called heart beat messages to the
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Figure 2.  Overview of the management system and network layer.
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server. From this information the server can decide whether
a process has aborted, a deadlock has occurred, a node has
failed and so on. The slaves also start the application
processes and provide additional services to the network
layer like providing identities of the computation nodes in
the network. The slaves are, however, not involved in the
applications’ communication. Finally the slaves can kill
stray processes.

When the user submits a job to the system, the server first
checks wether there are enough computation nodes for it. If
so, a virtual network consisting of the allocated nodes is
formed and the job is associated with it. The server daemon
orders the slave daemons running on the nodes in the virtual
network to run the application. After this, the server has
mainly two tasks. It monitors the execution of the job and
provides services to the slave daemons. When the
application has started on one of the computation nodes and
wants to utilize the high performance network, it needs to
know the identities of the other nodes. The network layer
sends a request for the identities to the slave daemon using a
TCP/IP socket and the slave relays the request to the server. 

Whenever the network layer needs to know a system
specific parameter it asks the slave which might need to
consult the server. Each job has its own virtual network and
consequently the network layer can only obtain information
regarding its job’s virtual network. In practice the network
layer will not send any requests to the slave during the
actual execution of the job so this scheme will not affect
performance. The slaves collect the stdout and stderr
outputs from the application and relay them to the server
which in turn merges them with the outputs of all nodes in
the virtual network. Periodically the network layer reports
its current state to the slave daemon. This information is
used by the system to detect deadlocks in the
communication on the high performance network.
Deadlocks can occur, for instance, if one node in some way
loses connection to the network. The network layer sends
these reports relatively seldom and always tries to utilize the
time when the node is idle in order not to degrade
performance.

Finally, when the job is terminated, all nodes in the virtual
network are released and can be used for subsequent jobs.
During the job’s execution it is possible for the user to
monitor each of the computational nodes in the virtual
network. It is also possible for the user to kill a running job
and the server will also kill the job if it detects or suspect
that one of the nodes in the associated virtual network has
lost the connection to the network.

4.2  Networking support

4.2.1  Interface
One of the most important issues in software DSM system
design is to provide an efficient interface to the network. We
have designed a simple message-passing layer to support
our system. The network layer relies on gather/scatter
operations to ensure that copying of data is kept at a

minimum. Messages can be delivered in-order or out-of-
order. The in-order mode is intended to be used for
coherency messages and it is possible to queue messages
from several nodes using the same receive queue when
ordering among all nodes is needed. Each message can be
assigned an integer tag which simplifies the protocol
handling code when several messages from the same node
are to be received. It is also possible to register callback
functions which are run when a message with a specific tag
is received. This makes it possible to implement primitives
similar to active messages [2] when needed. A simple
window based flow control algorithm is used to ensure
reliable transfer of all sent data. Checksums are only used if
the network hardware does not detect bit errors.

All send and receive operations operate on linked lists of
descriptors identifying pieces of memory where the actual
message data is located or is to be received, see Figure 3.
The head of the lists contains information such as
destination and tag regarding the message. The links consist
of descriptors that hold information, i.e. addresses and sizes
of memory blocks. The same type of links are used for
transmission and reception of messages, i.e., the descriptors
points to memory where either message data exist or will be
put when the message is received. This scatter/gather
approach eliminates, in most cases, the need for dedicated
receive buffers and reduces the number of copy operations
needed to transfer a message. It also makes it possible for
the network layer to efficiently build large network
messages from smaller messages by simply linking several
lists together. It is possible through the API to instruct the
layer when to actually send messages over the network. This
makes it possible to transfer large amounts of data without
increasing the latency of high priority messages like
consistency and synchronization messages.

The message layer has been designed to be easily ported to
different networks. The underlaying network drivers can
operate in user or kernel space. We are currently working on
UDP, LAPI [8] and SCI [10] ports. Our experience so far is
that the scatter/gather approach makes it simple to utilize
the special capabilities of the various networks like memory
put and get operations. 

It should be noted that a standard message passing API such
as MPI [7] can be built on top of the network layer or the
network layer can be built on top of MPI. This makes it

Figure 3.  Linked list of descriptors.

Head Link Link Link

Memory
Block

Memory
Block

Memory
Block



possible to have both MPI and for instance OpenMP [11]
coexisting in the same system providing a very interesting
programming paradigm [12].

The API of the network layer largely consists of functions
that manipulate, create and destroy the linked lists of
descriptors. There are also functions that are used to register
callbacks into the reception system, that sends or receive
descriptor lists either synchronously or asynchronously, and
that polls or wait for outstanding asynchronous receive
operations. Finally there are functions that perform
broadcasts among all nodes in a set of nodes.

5.  CONCLUSIONS
We have in this paper described some of the problems that
exist in current software DSM systems and how two of the
sub-systems in the Balder software DSM system solves
some of these problems. The network management system,
which consists of daemons running on the nodes of the
system, monitors the network and provides the user with
status information and the possibility of controlling the
network from a central point. The network layer provides a
clean interface between the consistency protocol handling
code and the network drivers. The layer has been designed
to be portable and is currently being ported to three different
networks. The network layer is also suitable for integration
of message passing primitives into the software DSM
system.
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 Abstract

This paper describes a technique called producer-push
that enhances the performance of a page-based software
distributed shared memory system. Shared data, in software
DSM systems, must normally be requested from the node
that produced the latest value. Producer-push utilizes the
execution history to predict this communication so that the
data is pushed to the consumer before it is requested. In
contrast to previously proposed mechanisms to proactively
send data to where it is needed, producer-push uses
information about the source code location of
communication to more accurately predict the needed
communication. 

Producer-push requires no source code modifications of
the application and it effectively reduces the latency of
shared memory accesses. This is confirmed by our
performance evaluation which shows that the average time
to wait for memory updates is reduced by 74%. Producer-
push also changes the communication pattern of an
application making it more suitable for modern networks.
The latter is a result of a 44% reduction of the average
number of messages and an enlargement of the average
message size by 65%. 

1. Introduction

Systems that implement a shared memory programming
model on a distributed memory architecture provide a cost-
effective means to create parallel computing platforms that
are relatively easy to program. Such systems are generally
called software distributed shared memory, software DSM,
systems and can easily be put together from commodity

components such as PCs and standard networks. Current
LAN technologies are possible to use but generally deliver
poor performance. However, high-bandwidth, low-latency
networks such as SCI [15], have been available as off-the-
shelf components for some time and it is likely that more
high-performance network technologies will emerge. 

Even with a standard ATM T1 network it is possible to
achieve reasonable efficiency (50%-90%) for a wide range
of applications on a software DSM system [16, 8].
However, given the current performance growth of
microprocessor technology, it has been shown that even if
the network technology keeps up with the processor
performance trend, aggressive latency hiding techniques
will be needed to sustain the parallel performance
efficiency in the future [5, 16]. 

The existing standard technique to tolerate shared
memory latency is to use a relaxed memory model [6]. In
this paper we present a technique that complements this
idea to mask and overlap some of the communication
latency in shared memory applications on a software DSM
system. In a shared memory parallel computing model with
relaxed memory the actual transfer of data does not occur
when the data is produced but is deferred to when it is
needed, i.e. when a processor issues a load- or store-
instruction to a data item that has previously been written by
some other processor. This leads to a request-reply scheme
where data is requested and the processor that has an up-to-
date copy replies. As a consequence, the communication
latency will directly contribute to the execution time. 

We have implemented and evaluated a technique called
producer-push that uses simple heuristics to determine
when data that has been modified by one processor is
needed by some other processor and to push that data to its
anticipated destination before it has been requested. This
communication can thus be almost completely overlapped
with computation on the receiving processor. An additional
advantage is that the processor that needs the data will not
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be required to send a request message since the data is
already present in the local memory. 

We have integrated the producer-push technique in
TreadMarks, a state-of-the-art software DSM system [2].
The heuristics trigger producer-initiated communication
automatically without modification of the application and,
based on repetitive access patterns, is found to predict
communication in certain parallel applications. We have
performed an evaluation on seven applications from the
TreadMarks distribution that we executed with and without
the producer-push technique on an IBM SP2 using up to
eight processing nodes. The evaluation shows that the
producer-push technique indeed effectively reduces the time
to request shared data. The resulting performance
improvement depends on the original efficiency of the
application. Our experiments show a performance
improvement of 55% in one case. Producer-push also does
not hurt performance for applications that do not fit into the
behaviour assumed by the simple heuristics. 

The performance improvement is mainly due to a
reduction in the time an application spends in the
communication routines. There are two reasons for this.
First, the requests for memory updates can in many cases be
eliminated since the updated memory is already in place;
second, the interconnection network is better utilized since
producer-push results in fewer and larger messages. 

1.1 Contributions

The idea to transfer data before it has been requested is
not new in the context of software DSM systems. The
success, or lack of success, depends on the quality of the
mechanism that decides what to send and when. If the
mechanism decides to send more data than is actually
needed, or to the wrong destinations, the performance gain
is usually smaller than the performance loss because of the
increased network traffic. 

Keleher proposed a lazy-hybrid protocol in his Ph.D.
thesis that appears similar to the protocol enhancement
proposed here [11]. He later re-evaluated this protocol in the
context of home-based software DSM systems [12]. The
lazy-hybrid protocol is, like our technique, based on
repetitive access patterns but uses more indiscriminate
heuristics that lead it to send substantially more data than
needed and to processors that do not use it. Seidel et al. have
proposed an almost identical technique in their Affinity
Entry Consistency Protocol [17]. 

In contrast to the techniques proposed by Keleher and
Seidel, the heuristics in our producer-push technique go one
step further to identify the correct time to send data
proactively by means of an identification of where in the
program new data is generated. This is described in detail in
section 2. 

Producer-push is related to producer initiated
communication commonly found in message-passing
applications [1]. However, it is also fundamentally different
in that it does not require that explicit message passing code
is inserted into the applications. Instead the software DSM
system takes care of all message passing. No modification of
the application’s source code is needed at all. 

Prefetching [4, 9] is also closely related to producer-push
in that it tries to move data to its destination before it has
been requested. However, while producer-push reduces the
number of messages since the data is moved proactively,
prefetching uses the same request-reply scheme as the
normal protocol does and if the efficiency of the prefetching
scheme is not very high it will send much more data over the
network than needed. Producer-push eliminates many of the
small request messages and thus utilizes the network better. 

In short, the contributions in this paper are:
• the specification and implementation of producer-push

in TreadMarks

• a thorough performance evaluation that provides valua-
ble insight into parallel application behaviour

The performance evaluation was done on an upgraded
IBM SP2 system with substantially higher performance than
the experimental systems used by Keleher and Seidel. 

In the rest of the paper we next describe the lazy release
consistency protocol and how producer-push has a potential
to increase performance. In section 3 we then describe our
experimental methodology that we have used to evaluate the
producer-push technique. The results are presented in
section 4 and after a short discussion on potential
improvements of producer-push in section 5, the paper is
concluded in section 6.

2. Lazy release consistency and producer-push

2.1 The TreadMarks software DSM system

TreadMarks is a software package that provides
programmers with a shared memory programming model on
top of a network of workstations, NOW [2]. Although
TreadMarks defines its own programming model, it has
been shown that it is possible to implement a standard
programming model such as OpenMP on top of TreadMarks
[7, 14]. As the nodes in a NOW do not physically share
memory, information about changes to the shared memory is
captured through the use of the address translation
mechanism in the processor which then invokes the
consistency protocol. The coherence granularity is thus a
virtual page. The performance penalty to maintain memory
coherency in software and with such a coarse granularity is
very high and therefore TreadMarks uses a relaxed memory
consistency model with a multiple-writer, invalidate
protocol. 



In a relaxed memory model information about changes in
the shared memory may be delayed to a synchronization
point [6]. If all accesses to shared data in a shared memory
program are protected by synchronization mechanisms, e.g.
barriers or locks, we say that the program is data race free. It
is thus not necessary that all processors see the same shared
memory image at a given time. If a variable is protected by
a lock and modified by a processor, it is only necessary to
inform another processor about this update when the lock
has been released and acquired by the other processor. 

This memory model has been further improved in
TreadMarks to reduce communication. A processor is
notified about the changes to the shared memory made by
other processors at the time of a lock acquire (instead of at
the lock release as is normal in relaxed memory models).
The actual data is of course not transferred until it is needed
which is signalled by a memory access fault. This
mechanism is called lazy release consistency, LRC. Since
the implementation of producer-push is intimately related to
LRC we shortly explain how LRC works with a simple
example in figure 1. 

In this example three processors access two variables
within the same virtual page. Processor 0 first reads and
writes to variable X and processor 1 reads and writes to
variable Y. The processors are then synchronized with a
barrier and after this, processor 2 reads and writes variable
X. It should then see the value of X that was updated by
processor 0 before the barrier. To achieve this, a copy of the
page, called a twin, is created when processor 0 modifies the
variable for the first time. This is done by the page fault
handler that is invoked at the write access since the page is
write-protected from the start of the execution. 

In the code for the barrier, each processor sends a
message to processor 0 to notify that it has reached the
barrier. Together with this message it transmits information
about which pages it has modified during the previous
interval. This information is called a write notice. Processor
0 collects all write notices, including the ones that have been
created by itself, and redistributes them to all processors
with the same message that signals to all processors that they
can proceed past the barrier. 

When a processor receives the barrier release message, it
continues execution after having removed all permissions to
access pages for which it has received write notices. Thus,
when processor 2 later accesses variable X it will experience
a page fault. Processor 2 has received two write notices for
this particular page since both processor 0 and 1 have
modified data in the page. It will then send a message to both
processor 0 and 1 and request the updated memory. In order
to save time and to easier combine the changes by
processors 0 and 1, these processors creates a diff that is an
encoding of the changes made by only this processor. For
this reason it uses the twin created earlier. When the diff has
been created, it is sent to processor 2 that applies the changes
and when all diffs have arrived it continues with its memory
reference. 

Lazy release protocols reduce network bandwidth
requirements at the expense of increased latency caused
when faulting processors have to wait for diffs to arrive.
This latency is analogous to coherency miss latencies in
hardware based systems. Another approach would be to let
the processor broadcast all of its diffs directly when it enters
a barrier. Protocols that behave like this are called eager
protocols [13]. It has been shown that lazy protocols
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Figure 1. The Lazy Release Consistency protocol in TreadMarks defers the propagation 
of consistency information to the latest possible moment. 
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outperform eager protocols since eager protocols send too
much data so that even very high performance networks
become saturated.

2.2 Producer-push overview

The vast majority of parallel scientific applications use
some sort of iterative algorithm. It could be a system
simulation by small time steps or an iterative algorithm of a
numerical problem. Such an application typically performs
the same calculations repetitively in each iteration and also
often uses the same data. We could thus use information
gathered during one iteration to predict the communication
in the following iterations. Really simple applications only
have one phase which is repeated over and over again. For
such applications the lazy-hybrid protocol as proposed by
Keleher would perform very well [11]. However, many
applications consist of several phases and for these
applications the simple heuristics used to send data
proactively in the lazy-hybrid protocol will send too much
data. 

A processor can collect information on which other
processors that have requested diffs during an interval, i.e.,
a TreadMarks interval as described earlier. The processors
that have issued diff requests are called consumers, since
they want to use data. The processor that responds to the diff
requests are in this context called producer. From the diff
requests, the producer can, when it enters a barrier or
releases a lock, collect information regarding which diffs the
consumers need in a phase of the computation. Knowing
this, the producer can send these diffs directly after it has
released a lock or entered a barrier the next time it comes to
this phase. We call this pushing. The consumer stores the
pushed diffs in a diff cache and when it later needs a diff, it
first looks in the diff cache to see if the diff has been pushed.
If so, the consumer does not need to request the diff from the
producer and the latency due to the diff request is greatly
reduced. This is the essence of the producer-push technique.

Besides reducing the latency for diff requests, producer-
push also has the advantage that it cause the average
network message size to increase. This can further boost
performance since modern high bandwidth networks cannot
reach their peak bandwidth unless fairly large messages are
used [10]. Another advantage is that the technique does not
require any source code modifications at all. 

2.3 Heuristics and implementation

In order to make producer-push work well we need some
kind of heuristic that can guide us in the selection of diffs to
push, when the diffs should be pushed and which processor
they should be pushed to. We describe here the heuristic that
we have used and some details about the actual
implementation. We first describe how we find logical
intervals in the execution related to phases in the execution.

We use this information to determine when diffs are to be
pushed. 

Internally TreadMarks uses so called intervals to keep
accurate time stamps on all diffs. The interval is a
description of a small part of the application’s execution
time. New intervals are created at barriers and when a lock
is released. A diff is associated with the specific interval
when it was created. It is also the interval mechanism that
drives the invalidate consistency protocol. We have
implemented producer-push on top of the interval
mechanism and perform pushing of selected diffs directly
after a new interval is created.

Since the creation of intervals is forced by
synchronization primitives like locks and barriers it is
possible to bind intervals to specific regions in the
application code. We will show this by using a simple
example, see figure 2. Figure 3 shows the intervals created
in one of the processor nodes. The example is based on
barriers but the described heuristic is analogous for locks.

A new interval is created for each execution of a barrier.
In this example all iterations are identical in the sense that
the same instructions are executed repetitively in each
interval. Therefore, interval n+1 is considered to be identical
to interval n-1. We say that they belong to the same logical
interval. In general, applications may in one loop
synchronize several times and it is therefore common that a
two consecutive TreadMarks intervals refer to different
parts in the program. In order to bind intervals to logical
intervals we assign a unique identifier to each barrier. We

Figure 2. A simple example of an iterative 
algorithm.

int i;
for (i=0; i<N; i++)
{

do_computation_a();
barrier;
do_computation_b();
barrier;

}

do_computation_b();

barrier;

barrier;

/* End of the first iteration */

/* here starts the first iteration. i=0 */

Interval n

Interval n+1

Interval n-1

Figure 3. An illustration of the intervals in the 
simple example.

do_computation_a();

do_computation_a();



have in our experiments done this with a label for each
barrier in the source code but it could just as well be done
automatically, either statically by the compiler or in run-time
by TreadMarks by observing the program counter value. We
have in figure 4 augmented our example with logical
intervals. Note that we cannot know which logical interval
is bound to interval n-1 from the example. By assigning an
identifier to each barrier in an application we can during the
second iteration always link a TreadMarks interval to a
logical interval.

We next need to predict which diffs to send to which
processor in each logical interval. The producing processor
gets diff requests from a consuming processor whenever the
consumer faults and it cannot find a needed diff in its diff
cache. From these requests it is possible for the producer to
build up sets of recently requested pages for each processor.
Since the diffs are requested in a particular order it is
important that this order is maintained so that diffs are sent
out in the correct order. 

In our implementation we maintain a linked list of page
entries corresponding to pages for each logical interval and
consuming processor. All lists are initially empty when the
application starts. Whenever a consumer sends a request for
a page diff, a page entry is inserted at the end of the list
associated with the consuming processor and the current
logical interval on the producer, i.e. the processor that serves
the diff request.

When a processor enters a logical interval it pushes all
diffs corresponding to the pages in the lists in the order that
these pages occur in the list. This ensures that data that is
needed early by the consumer, is pushed as early as possible.
If several consuming processors have requested diffs
previously in this logical interval, the producer will push
diffs to all of these processors. In order not to favour any
particular consumer, the producer interleaves the pushing of
diffs among the consumers. In practice this means that
approximately equally sized chunks of data are sent in turn

to the consumers. The maximal size of these chunks depend
on the network layer and is typically on the order of a few
tens of kilobytes. Figure 5 shows how the lists of pages are
maintained and how the pushing of data is done in the case
of 4 processors. Once again our simple example is used and
we show the lists maintained and the diffs pushed by
processor 0. For clarity only the actions in logical interval 0
and the barrier primitives are shown.

2.4 What kind of application benefits from 
Producer-Push?

Some algorithms benefit more than others from producer-
push. The algorithm used must first of all be iterative, i.e.,
several iterations in which the communication pattern is
repeated. Otherwise the current heuristic will not do any
predictions. Furthermore, the algorithm should be fairly
regular in its data usage. It should basically use the same
data-set in each iteration. Also, since producer-push reduces
the time to request diffs, the number of coherency misses
caused by the algorithms should be fairly high. Even though
the mechanism works for lock-based algorithms, we have
tuned the heuristics for barrier-based applications since
iterative algorithms often use barriers as the main
synchronization mechanism. 

A typical application that will benefit from producer-push
is eigen-value calculations where the same vector
manipulations are performed on the same set of data for
several iterations. An example of application that will not
benefit much from producer-push is an algorithm using

do_computation_b();
barrier(1);

do_computation_a();

barrier(0); 

do_computation_b();

barrier(0);
do_computation_a(); 

barrier(1); 

Interval n

Interval n+1

Interval n-1

Interval n+2

Interval n+3

Logical 

Logical 

Logical 

Logical 

Logical 

Figure 4. The simple example augmented with 
logical intervals.

interval ?

interval 0

interval 1

interval 0

interval 1

barrier(1); 

barrier(0); 

barrier(0); 

Logical 

Logical 

Logical 

Processor 1 requests diffs for pages 1,3,4,5, and 6 
in that order.Processor 2 requests diffs for pages 
3,6,7, and 8 in that order.Processor 1 requests addi-
tional diffs. This time for pages 2, and 10 in that 
order
After these requests the lists for logical interval 0 
on processor 0 are:

List 1 (for processor 1): pages 1,3,4,5,6,2, and 10
List 2 (for processor 2): pages 3,6,7, and 8
List 3 (for processor 3): empty

Diffs are pushed in this order:

Diffs for pages 1,3,4, and 5 are sent to processor 1.
Diffs for pages 3,6,7, and 8 are sent to processor 2.
Diffs for pages 2, and 10 are sent to processor 1.

Figure 5. The simple example with producer-push 
actions.

interval 0

interval 1

interval 0



searches where the search pattern is irregular. Algorithms
that perform different calculations in different iterations,
like some heuristic-based algorithms do, will also not gain
much performance from producer-push. The rule of thumb
is that if an algorithm will benefit from normal prefetching,
it will also benefit from producer-push. It should be noted
that even with the current simple heuristic we have not
noticed any negative effects on any of the applications we
have run. Let us now go over to the evaluation of producer-
push.

3. Experimental methodology

3.1 Experimental platform

We have integrated the producer-push algorithm in
version 1.0.1 of TreadMarks. In order to evaluate the
performance of producer-push we have used seven standard
scientific benchmarks on an IBM SP2 with POWER2
processors running at 160MHz and an upgraded 110
Mbyte/s switch. The benchmarks were compiled with IBM’s
C-compiler xlc using optimization level -O. The
TreadMarks library was augmented to be able to collect
profiling information. The profiling adds approximately
15% overhead and thus two separate runs have been done
for each application; one run without profiling to measure
execution times and one with profiling to collect
information on where the execution time is spent. 

3.2 Applications

Seven different benchmarks from the TreadMarks 1.0.1
benchmark distribution were used in the evaluation of the
relative performance benefits of producer-push. SOR is a
standard stencil iterative algorithm. IS, FFT, CG and MG are
originally from the NAS benchmark suite [3], and Water and
Barnes-Hut are originally from the SPLASH benchmark
suite [18] but rewritten to suit TreadMarks better. Like SOR,
all other benchmarks also use iterative algorithms and
according to the discussion at the end of the previous
section, it is thus probable that their performance can be
boosted by the producer-push technique. A summary of the
application workloads is shown in table 1 and they are
briefly described below. 

Execution times are measured according to the existing
timing instrumentation in the applications as they are
distributed in TreadMarks. This means that only the parallel
section of the program is taken into account. Our profiling
measurements have been done on the same part of the
execution as the timing. This means that profiling has been
done on all iterations in all applications but for Barnes-Hut
where profiling is done from the fifth iteration.

3.2.1 SOR and IS. SOR iteratively applies an averaging
kernel to a matrix. The algorithm is extremely regular and
very little data is communicated in each time step. IS sorts a

vector of integers and this algorithm is also regular in its
access pattern. We can expect that producer-push will
predict the communication well for both applications.
However, since SOR already has a good relative speedup
even without producer-push, we cannot expect a large
absolute performance improvement since there is very little
latency to hide. 

3.2.2 FFT, CG and MG. FFT is a PDE solver that uses a
three-dimensional FFT. The solution is iterated in frequency
space where each iteration consists of an inverse FFT. The
CG benchmark finds an estimate of the largest eigen-value
to a sparse matrix using the inverse power method. MG
solves the Poisson problem in three dimensions using a
finite element method. These programs all consist of simple
matrix operators operating on the same data in every
iteration. We thus expect that producer-push will work well
on them.

3.2.3 Water. Water is a simulation of the dynamics of
several water molecules. The effect of both intra- and inter
molecular forces are simulated. The version used is the so
called n-squared Water where each processor is assigned a
range of molecules and calculates the effect these molecules
exert on all the other molecules. This means that processors
will manipulate the data structures that represents the
molecules assigned to other processors. Race hazards are
avoided by using one lock per molecule. This means that a
sizeable fraction of the execution time is spent waiting for
lock acquisitions. The lock-mechanism in TreadMarks uses
intervals in the same way as barriers do. A logical interval is
in this case identified by the molecule for which there is a
unique lock. The communication in Water is mostly regular
and when a processor acquires a lock, it is often released by
the same processor as the last time but as the processors are
not tightly synchronized it is possible that the
communication patterns change slightly from iteration to

 Table 1. Applications and workloads used in the 
study.

Application Workload

SOR 10 iterations, 2000*1000 matrix

IS 10 rankings, 32768 keys

FFT 6 time steps, 64*64*64 cube

CG Kernel C

MG Kernel B

Water 5 time steps, 512 molecules

Barnes-Hut 10 time steps, 16384 bodies



iteration. Water also uses locks to implement global
reductions which yields highly unpredictable
communication. We can, however, conclude that producer-
push should be able to predict at least a major part the
resulting communication which in turn should reduce the
diff request time.

3.2.4 Barnes-Hut. This is an N-body simulation of the
motion of bodies that interact using gravitational forces. The
bodies are hierarchically ordered in a tree that is rebuilt by
the root node for each time step. As in Water the bodies are
distributed among the processors and the effect of the forces
from all bodies on each body must be evaluated. Unlike
Water, however, no processor updates the body structures of
another processor. The main communication is thus to and
from the root node when the tree is rebuilt. Since the tree is
rebuilt for each time step the set of bodies assigned to a
processor changes from one time step to the next. This
communication cannot be predicted but we can expect
producer-push to effectively push all data corresponding to
bodies that do not migrate between processors. 

4. Experimental results

The main idea behind producer-push is to reduce the time
to request diffs in software DSM systems. Figure 6 shows
the difference in the fraction of execution time spent doing
diff requests in the seven applications, without and with
producer-push. As expected, the diff request is greatly
reduced for all applications. The average reduction of diff
request time is 74%. The reduction is smaller for Barnes-
Hut. This is due to the migration of bodies between
processors which the heuristics cannot predict. Thus a
smaller fraction of the diffs needed by the consumer is
pushed from the producer.

The reduction for Water is larger than 50%. This should
normally directly correspond to a decrease in execution time
of a corresponding amount but the execution time is
unchanged which we can see from figure 7. This is due to the
fact that the time spent waiting for a lock to be released,
which in this case is the dominating latency, is increased by
the same amount of time. The reason for this is that at the
same time as ownership of the lock is acquired, the releasing
node is also pushing data to the acquiring node which must
handle the incoming data. This causes a small overhead
which in this case is equal to the time gained from producer-
push. It should be stated that Water is an extreme case and
even so, producer-push will not decrease the performance of
the application.

In figure 7 we show relative speedup with eight
processors for all applications. They grey bar corresponds to
executions of TreadMarks and for the white bar we have also
used producer-push. The relative speedup is calculated as
the execution time of an application using one processor

divided by the execution time using eight processors. The
data in figure 7 was of course obtained from executions
without profiling overhead.

The numbers above the bars in figure 7 show the
performance improvement we get when producer-push is
used. We can see that the applications can be divided into
three different groups depending on the performance
improvement obtained. SOR and Water do not benefit much

Figure 6. The fraction of execution time spent 
doing diff requests with and without producer-

push. 
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from producer-push. For FFT, IS and Barnes-Hut there is a
moderate performance improvement, and for CG and MG
there is a relatively large performance improvement. 

Although the diff request overhead is reduced for Water
this has no impact on the execution time. This is, as stated
earlier, due to the fact that the lock release time is increased.
SOR also has a low relative speedup. In this case producer-
push actually works well but the latency that can be hidden
is very small. The diff request overhead is reduced by 5% to
only 1% and this results in a performance improvement of
about 3% on 8 nodes.

The second group of applications have all moderate
relative speedups of 20-27% on 8 nodes. The applications in
this group, consisting of FFT, IS and Barnes-Hut, are all
affected by producer-push as one would expect. The diff
request time is reduced and the overall execution time is
decreased.

The last group, i.e., MG and CG, have large performance
gains from using producer-push. Figure 8. shows the
normalized execution time broken down into busy time,
time spent in TreadMarks code and time spent in the
network layers including communication time in the actual
network and protocol handling time. We see in figure 8 that
the execution time of these applications are totally
dominated by the communication time. Note that the
execution times have been normalized so that 100%
corresponds to the execution time without producer-push.
Roughly half of the communication time is due to diff
requests and the other half is due to waiting for other
processors in barriers. Producer-push effectively reduces the
diff request time and thus the communication time. Since the
busy time of CG and MG is so much shorter compared to the
other applications, the reduced communication time has a
much greater impact. Experiments show that the
performance improvement of producer-push for MG is even
higher for four processors. This is due to the fact that when
eight processors are used, MG uses so much network
bandwidth that it saturates the network.

Let us now investigate the performance of the heuristics
that decides when and where to push data. Table 2 lists the
efficiency, fraction late diffs and the coverage for the
different applications. The efficiency is defined as the
fraction of the pushed diffs that are found in the diff cache at
the time of a page fault and thus used by the consumer. An
efficiency near 100% means that almost all pushed diffs are
used and that network bandwidth is not being wasted. The
late diffs are the fraction of the pushed diffs that arrive too
late to the consumer in order to be useful. This means that
they arrive after the page fault has occurred. These pushed
diffs waste bandwidth just as the diffs that never are
requested. However, if they could have been sent earlier,

they would be useful. Finally, the coverage is defined as the
fraction of diffs requested by the consumer that were
successfully pushed and used. The coverage is a metric of
the ability to predict communication.

The efficiency is very high for all applications except for
MG and Water. For MG the reason for the relatively low
efficiency is that 25% of all pushed diffs arrive too late and
not that the heuristic mispredicts the communication.
However, the low efficiency for Water is a result of the
inability to correctly predict the communication. As
described in section 3.2, some parts of the communication in
Water is hard to predict due to the fact that locks are used to
implement reduction operations, and that the processors are
loosely synchronized.

The coverage of producer-push varies among the
applications. This is mostly because the timed regions are

 Table 2. Efficiency, late diffs and coverage of pro-
ducer-push on the seven applications.

Application Efficiency Late diffs Coverage

SOR 92% 2% 85%

IS 97% 0% 90%

FFT 97% 0% 72%

CG 100% 0% 100%

MG 68% 25% 75%

Water 45% 7% 64%

Barnes-Hut 98% 4% 67%

Figure 8. Normalized execution time 
breakdown.
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different in the applications. When the timing and profiling
start, the only application in which the heuristic is warmed
up is Barnes-Hut. Besides Water, the lowest coverage is for
Barnes-Hut. This is due to the migration of bodies as
described in section 3.2. The coverage of producer-push for
FT, IS and SOR is a bit higher but not perfect as one would
expect. The reason here is the presence of cold misses that
are impossible to predict. Producer-push has an ideal
coverage for CG, but at first glance not for MG. However,
for MG all diffs are predicted but, as mentioned before, 25%
of the pushed diffs arrive late due to network contention. In
this case the consumer cannot find the late diffs in its diff
cache and therefore performs a normal diff request.

One final observation is that producer-push results in a
better utilization of the available network bandwidth. It has
been shown that the main reason for poor performance in
software DSM systems such as TreadMarks is due to
communication protocol processing [16]. Therefore, each
protocol improvement that reduces the number of messages
will also lead to a performance improvement unless it also
results in an increase of some other execution time
component. Table 3 shows the number of messages and the
average message sizes for the base system compared to
when producer-push is used. For all applications except for
Water, the actual number of bytes communicated is about
the same with and without pushing. However, for the
applications that perform better using producer-push, IS,
FFT, CG, MG, and Barnes-Hut, the number of messages sent
is only 43-64% of the number of messages without pushing.
Consequently the average message size is increased for
these applications. 

5. Potential improvements

Even if the current implementation works well on barrier-
based applications, as we saw in the previous section, there
are some possible improvements to the heuristics that can be
done. We will describe a few in the following passages.
Although we have not implemented any of these, we feel
that they can boost performance even higher.

The order in which diffs are sent to the producer to the
consumer is important. MG observed a sizeable fraction late
diffs and part of the reason to why these are late is because
they are sent to late from the producer. The mechanism
could be thus modified to send diffs earlier than is
determined by the current heuristics if they are detected as
late by an adaptive-order mechanism. It is also possible in
some cases to move a page from a list in a logical interval to
a list in an earlier logical interval. This is a variation of
adaptive order. 

If the current heuristics has determined that a diff is to be
pushed in a logical interval, it will always be pushed in this
interval even if it no longer will be needed by the consumer.

In order to keep the network traffic as low as possible
improvements can be done to remove pages from the
producer’s lists if they have not been used by the consumer.
We call this extension adaptive push-set. We intend to
investigate the effects of these improvements in our future
research.

6. Conclusions

Networks of workstations provide a cost-effective way to
build parallel computing environments. Software DSM
systems can be utilized to make NOWs more easy to
program. However, the high communication overhead in a
NOW makes it necessary to reduce the implicit
communication in a shared memory system as much as
possible. Lazy release consistency is one such technique that
reduces and hides latency in software DSM systems.

We have in this paper presented a technique called
producer-push which is an extension to a lazy release
consistency protocol. Producer-push boosts the performance
of regular iterative applications, an important class of
applications for parallel systems. Producer-push uses
repetitive communication patterns to predict
communication and can, for the applications used in the
study, reduce stall time to wait for shared memory updates
from remote processing nodes by 74% on average. The
resulting performance improvement is on average 23%. 

Given that the performance improvement of single-
processor systems tend to improve at a faster pace than

 Table 3. Number of messages and average mes-
sage sizes without and with producer-push. The 
numbers in parentheses show the reduction in 

number of messages and increase in message size 
respectively.

Number of messages
Average message 

size (kbyte)

Base Push Base Push

SOR 2709 2485 (92%) 2.68 2.92 (1.1x)

IS 6023 3670 (61%) 12.06 20.26 (1.7x)

FFT 11207 7072 (63%) 3.70 5.86 (1.6x)

CG 160349 83279 (52%) 0.43 0.83 (1.9x)

MG 40981 22180 (54%) 2.41 4.69 (1.9x)

Water 43812 42412 (97%) 0.41 0.50 (1.2x)

Barnes-Hut 105456 45012 (43%) 0.97  2.29 (2.4x)



network technology that tend to have longer life-times, the
relative performance of applications on software DSM
systems will decrease since they will be more and more
dependent on network performance. It is therefore important
to be able to overlap communication and computation as
much as possible and also to utilize the network as good as
possible. 

Although there are improvements to be made for
producer-push, it is already usable to reduce remote memory
access latency by overlapping communication and
computation. One important side-effect is that the number of
messages needed is greatly reduced and, since the amount of
communication is the same, the message sizes are increased
by roughly the same amount. This favours even off-the-shelf
networks that have relatively long latencies but high
available bandwidth. 
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Priority Based Messaging for Software Distributed
Shared Memory

SVEN KARLSSON ∗ and MATS BRORSSON
Department of Microelectronics and Information Technology, Royal Institute of Technology, Stockholm, Sweden

Abstract. Software Distributed Shared Memory (DSM) systems can be used to provide a coherent shared address space on multicomputers
and other parallel systems without support for shared memory in hardware. The coherency software automatically translates shared memory
accesses to explicit messages exchanged among the nodes in the system. Many applications exhibit a good performance on such systems but
it has been shown that, for some applications, performance critical messages can be delayed behind less important messages because of the
enqueuing behavior in the communication libraries used in current systems. We present in this paper a new portable communication library
that supports priorities to remedy this situation. We describe an implementation of the communication library and a quantitative model
that is used to estimate the performance impact of priorities for a typical situation. Using the model, we show that the use of high-priority
communication reduces the latency of performance critical messages substantially over a wide range of network design parameters. The
latency is reduced with up to 10–25% for each delaying low priority message in the queue ahead.

Keywords: cluster computing, software distributed shared memory, software DSM, communication libraries, parallel computing

1. Introduction

The performance of modern computer interconnects is rapidly
increasing and it is no longer uncommon with latencies lower
than a few microseconds and data rates exceeding hundreds
of megabytes per second. There is, however, an increasing
difference in performance between processors and network
interconnects since the performance of processors have in-
creased even more rapidly than the performance of networks.
The network interconnect is already a performance bottleneck
in many systems and will continue to be that for the foresee-
able future.

Systems for software distributed shared memory, software
DSM, are examples where the network subsystem is a ma-
jor performance bottleneck. A software DSM system pro-
vides a coherent shared memory programming model on a
non-cache-coherent multicomputer [1]. Most such systems
use the virtual memory protection mechanism to detect mem-
ory accesses to addresses that currently do not reside locally
and it is the task of the software DSM system to request data
from other nodes through explicit messages over the inter-
connection network. In general, smaller and more numerous
messages are sent between the nodes if an application is writ-
ten using shared memory with a software DSM system than
if the same algorithm is coded with message-passing [10].

Most software DSM systems make use of a communica-
tion library as the interface to the network drivers and hard-
ware. There are several advantages of using a communication
library instead of the low-level network drivers directly. The
most important advantage is that a communication library can

∗ Corresponding author.
E-mail: svenka@it.kth.se

be made portable which means that the software DSM system
can be used unchanged on many different platforms.

Software DSM systems send messages of two categories
through the communication library: data messages that carry
shared memory contents, and control messages that are sent to
update the states in the coherency protocol or to synchronize
nodes. Even though it is important that data messages are
not delayed unduly, it is the latencies of the control messages
that are the most critical for the overall performance of the
system. It has, however, been shown that control messages
in certain applications get delayed by data messages ahead
in the message queues [2]. This comes from the fact that in
a software DSM system using a traditional communication
library, there is only one available communication channel
between any two nodes and all messages are delivered in the
same order as they have been sent.

We argue here for the use of message priorities as a way
of improving the latency of performance-critical control mes-
sages. This means that messages with a high priority, e.g.,
control messages, are transferred before messages with lower
priority.

We have implemented prioritized communication in a
portable communication library for software DSM with a sig-
nificant reduction of latency as result. We also present a sim-
ple model for the expected latency with and without using pri-
orities. We have found that the decrease in latency for control
messages when priorities are used depends more on the band-
width of the network than on the zero-size message latency.
A network with high bandwidth thus benefits more from in-
troducing priorities than a network with low bandwidth given
the same message latency.

The concept of priorities is certainly not new. There are,
however, no existing communication libraries for either soft-
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ware DSM or message-passing that make use of priorities.
Below, we briefly describe some systems presently used.

Practically all current software DSM systems either only
include support for standard UNIX sockets or are targeted at
a specific network technology and are thus very hard to port
to new hardware technologies [2,18,22]. One exception is
GeNIMA which takes a more modular approach that in theory
could be retargeted at other interconnects [3]. GeNIMA is
currently implemented on Myrinet and implements some of
the coherency protocol directly in Myrinet’s programmable
hardware which will cause problems when porting to other
network technologies [4]. GeNIMA is the only system that
attacks the problem with delayed control messages. However,
it does so by moving the handling of the control messages into
the network hardware which again, is not portable.

There are several communication libraries for user space
communication, e.g., VMMC [7], PM [23], Fast Mes-
sages [16], Active Messages [24], and Basic Interface for
Parallelism [17]. However, none of them support prioritized
communication. The VI architecture support several commu-
nication channels between nodes but there are no semantics
for priorities [5]. There are no quantitative models known to
us that describe the performance impact of prioritized com-
munication.

In short, the main contributions in this paper are:

• The design and implementation of a portable communica-
tion library, called Balder Messages, utilizing prioritized
message communication.

• A simple performance model for the latency of control
messages with and without priorities.

We next describe Balder Messages in section 2. In sec-
tion 3 the quantitative performance model is introduced and
some important results are obtained in section 4. The paper is
concluded in section 5.

2. Communication library with priorities

2.1. Balder Messages overview

In this section we describe the structure and implementation
of Balder Messages, a portable communication library sup-
porting priorities and which is targeted at software DSM sys-
tems. Balder Messages is a part of a software DSM system
being developed called Balder [11]. The main distinguish-
ing feature of Balder Messages compared to previous high-
performance, low latency communication libraries such as
Protected Messages (PM) and Fast Messages [16,23] is the
use of priorities. The implementation of priorities is also
portable in contrast to GeNIMA which uses the hardware fea-
tures of a particular network interface to handle control mes-
sages [3,4].

The communication needs of a software DSM system puts
several constraints on a communication library:

• It is crucial that the latency is kept at an absolute mini-
mum since the coherency in a software DSM system is

kept through a complex scheme of messages sent between
the nodes. Any excessive delay of messages would reduce
the performance of the system.

• The order of coherency messages should be maintained.
This will make the coherency protocols more simple and
more efficiently implemented.

• It is important, for performance reasons, that the system
can utilize the raw bandwidth of the underlaying intercon-
nect hardware. In addition, it must support a wide range
of interconnect hardware since the network technology is
constantly improving.

In order to fulfil all these requirements, the API of Balder
Messages has been designed to have only very simple prim-
itives instead of specialized primitives. Furthermore, user
space communication is used to keep latency low. The API
consists of functions for both traditional message passing and
active messages [24].

It should be noted that while the previous communica-
tion libraries used in software DSM systems either were tar-
geted at a particular interconnect topology, hardware, or were
tightly integrated with the rest of the system, Balder Mes-
sages takes another approach utilizing a modular design and
a retargetable communication library that supports a wide
range of interconnects. For instance when operating on an
IP-based network, Balder Messages implements flow con-
trol, ensures the correct ordering of messages and also han-
dles the case when messages are lost in the network. Some
or all of these functions might not be needed when using
more capable networks where the network hardware takes
care of, for instance, message ordering. Balder Message
use polling based message reception on most high perfor-
mance network technologies as interrupts are usually ineffi-
cient. Balder Messages can, however, support interrupt based
message reception on technologies that have efficient inter-
rupt handling.

It should be noted that although Balder Messages is a gen-
eral communication library, it is targeted at software DSM
systems. We will in the rest of the paper therefore only dis-
cuss Balder Messages in the context of software DSM sys-
tems even though it can be used in other environments as
well.

We will now start a more detailed description of Balder
Messages and its API.

2.2. Message passing primitives

Balder Messages supports, as indicated above, asynchronous,
synchronous, and active message communication. All of
these types of communication are useful in a software DSM
system. Asynchronous communication makes it possible
to overlap computation with communication. Synchronous
communication, on the other hand, can potentially reduce the
latency of communication when the system or application is
otherwise idle. Finally, active messages make server func-
tions efficient. It should also be noted that Balder Messages
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Table 1
Basic message functions in Balder Messages.

Function Description

ASync send Asynchronous send
Sync_recv_list Synchronous receive
ASync recv list Asynchronous receive
Poll_reception Reception status poll
Wait for reception Blocking reception status poll
Poll transmission Transmission status poll
Wait for transmission Blocking transmission status poll
Register_msg_callback Register active messages callback

supports multithreading and is fully reentrant which makes it
suitable for SMP-nodes.

Each message sent and received has a tag attached to it.
This tag works just like the message tag used in MPI [13].
This means that in a receive operation you will have to spec-
ify a tag and only a message with identical tag will be re-
ceived. Balder Messages has no notion of individual threads
so if multithreading is used, the message tag can be used to
direct a message to a specific thread. The message tag can
of course also be used to specify the type of message. This
is crucial in software DSM systems which implement the co-
herence protocol using request-reply schemes. The tags are
used to ensure that the respective nodes receive and process
the correct requests and replies in the right order.

The upper bits of the message tag are used to specify the
priority of a message. The communication in each priority
level is independent of the other levels, although messages
with a higher priority are always sent ahead of those with
lower priority. If possible, several messages are aggregated
and sent together in a single network packet. Another way of
looking at this is that each priority level has its own commu-
nication channel which is independent from the other priority
levels.

Table 1 summarizes the functions in Balder Messages for
sending and receiving messages. In addition to these func-
tions, there are also functions to manipulate chunk lists which
are important data structures in the design of Balder Mes-
sages, see section 2.3.

Balder Messages provides a small number of simple prim-
itives which can be used to build more complex messaging
schemes if needed. This is in contrast to the large number
of complex functions high-level messaging libraries, such as
MPI, provides.

While this makes porting more easy due to fewer functions
to implement, it also makes it potentially harder to optimize
Balder Messages for a specific network hardware. Fortu-
nately, most network interconnect cards works in more or less
the same way in that they only provide basic packet reception
and transmission. They do, however, often differ in the way
that DMA engines are setup. We therefore use an internal data
structure, chunk lists, which makes it possible to use several
different DMA engine architectures without changing the ac-
tual code in the software DSM system. The use of this data
structure in Balder Messages is described next.

Figure 1. Chunk links and their application. The head link marks the begin-
ning of a chunk list.

2.3. Chunk lists

A chunk list is a linked list where each link in the list corre-
sponds to a block, or chunk, of memory, see figure 1. Apart
from being easy to manipulate, the chunk lists closely resem-
bles the DMA descriptors commonly used in chained DMA
engines. The software DSM system never manipulates these
lists directly. They are maintained using functions and macros
provided by the API of Balder Messages. It is thus possible
to alter the actual implementation of the chunk list in order
to better suit a DMA engine in case the underlying hardware
incorporates one. Each link in the list contains a pointer to
the corresponding memory block and the size of the block.
Since the software DSM system never touches these fields it-
self, several other fields might be present if needed by a DMA
engine.

The chunk list is a convenient data structure in a software
DSM system as all messages in such systems consists of a a
header followed by several data records. The header and each
of the records are typically located in different memory re-
gions upon transmission and are to be scattered into different
memory regions upon reception. The use of chunk lists thus
reduces the number of times data needs to be copied in mem-
ory when a message is processed. In fact, in networks that
support remote load and store – e.g., SCI where a portion of
a remote nodes memory can be mapped into the local nodes
address space [6] – all excessive memory copy operations can
be eliminated with the use of chunk lists. The sending node
can then copy the message directly into the receiving node’s
memory. Similarly, the receiving node can copy the message
from the sending node’s memory into its own memory. This
both reduces the latency of the message passing operations
and also reduces the load on the CPU resources which in turn
makes it possible to utilize the high bandwidth of modern high
performance networks.

We will now continue and describe the flow control mech-
anism which is the foundation for implementing priorities in
Balder Messages.

2.4. Flow control and priorities

One important issue in the design of any communication layer
or library is the implementation of flow control. Flow control
is essential as to avoid overloading the network interconnect
fabric or to avoid creating hot spots that in turn may result in
high communication latencies or even packet loss.

In Balder Messages we use a version of the rather well
known sliding window flow control approach used in TCP [9].
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With sequence numbers added to each network packet it is
possible to enforce deterministic message ordering as well as
making all communicating nodes aware of the reception sta-
tus, i.e., the number of messages each node have received and
how many more it can receive. From this information it is
possible for the sending part to safely send several consecu-
tive messages without overloading the receiving part’s recep-
tion buffer. Acknowledgements and retransmissions is used
to ensure that all data is correctly transferred even if packets
are lost in the network

The possibility to use priorities for messages is imple-
mented on top of the flow control algorithm. A priority level
is assigned to each message based on the most significant bits
in the message tag. Each bit combination corresponds to a pri-
ority level and so if 4 bits are used to describe the priority, you
get 16 priority levels. The actual number of priority levels can
be set when Balder Messages is compiled.

The priority levels can be seen as virtual channels and
messages belonging to different priority levels are transferred
independently of each other. We call these virtual channels
priority channels. Messages sent in a priority channel are de-
livered in FIFO order. Priorities are enforced by only trans-
ferring messages in a priority channel with a low priority if
there are no messages of higher priority waiting to be sent in
other priority channels. We will now explain the algorithm in
more detail.

A message being transferred is not considered to be sent
until it has been acknowledged by the receiver through the
flow control mechanism. An acknowledgement message may
be used for several messages and acknowledgements can also
be piggy-backed on outgoing data traffic, if any. In addition,
the acknowledgement messages convey information regard-
ing the status of the reception buffer of the receiving node.

Each byte of application data sent in a priority channel has
a sequence number and the sequence number of the first byte
in each data message is sent with the message. The sequence
number is incremented with each byte sent so a data message
of 63 bytes would cause the sequence number to increase with
63. The receiving node acknowledges received data by send-
ing back the sequence number of the next byte it expects in
the priority channel as well as how many more data bytes it
can accept of any priority. These two numbers are called the
acknowledge sequence number and the window size, respec-
tively. Each acknowledgement message consists of several
acknowledge sequence numbers, one for each priority chan-
nel, and one single window size. The acknowledgement mes-
sages are sent independently of the priority channels but are
considered to have higher priority than any message sent by
the application.

Through this information it is possible for each node to de-
cide, at any time, the amount of data that can be transferred
to each of the other nodes without overflowing the reception
buffers. Note that this limit applies to an entire node and
not to a specific priority level. In other words, all messages
that are to be sent to a specific node share the same capac-
ity. A strict priority order is enforced by sending available
messages with the highest priority until the capacity limit is

reached, i.e., no low priority messages are sent if messages
with higher priority are present. It is important to observe
here that Balder Messages tries to send messages as soon as
possible. The reason for this is to reduce latency even though
eagerly sending messages instead of aggregating messages to
the same destination wastes some bandwidth.

It is possible to have several pending receives on the re-
ceiving side as Balder Messages supports asynchronous re-
ceives. Naturally, these might receive from different priority
channels. Also, it is possible that there are several messages
pending to be received, e.g., lying in buffers in the network
hardware. Even in this case the priorities are enforced by re-
ceiving the message of highest priority first.

In short, the flow control and priorities are implemented
by:

• All application messages sent are acknowledged. With
each acknowledgement message additional information is
sent so that all nodes can calculate the amount of data they
can send to any of the other nodes.

• Each message has a priority and the messages with highest
available priority are sent first. The number of messages
sent are limited by the capacity limit conveyed through the
acknowledgement information. In other words, messages
with low priority are not sent if messages of higher priority
are available. Similarly on the receiving side, the message
with the highest priority is processed first if there are sev-
eral messages pending.

This way of implementing priorities has proven to be ef-
ficient as the added complexity in the flow control algorithm
and the extra bandwidth needed is negligible. We will now go
on and describe a model for control message latency which
we developed in order to be able to quantify the performance
impact of priorities on a variety of network technologies.

3. A quantitative model

3.1. Model background

All messages exchanged in a software DSM system can be
seen as belonging to one of two classes, data messages that
carry shared memory content, and control messages that are
used by the system to update the states in the coherency pro-
tocol or to synchronize nodes. The control messages are sent
in a request-reply scheme so there is a reply message sent in
response to each control message received. We will, in the
discussion below, call the node that sends a specific control
message the client, and the node responding to that control
message the server.

We have developed a simple synthetic benchmark to eval-
uate the impact of priorities. The synthetic benchmark mim-
ics the messaging behavior observed in the application Water
from SPLASH on a software DSM system, see figure 2 [21].
This particular application was chosen as this is one of the
applications where enqueuing of control messages occurs and
the inner loop of Water is simple enough to be modeled in a
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Client Process: Server Process:

for(i = 0; i < P; i++) while(1) {
send(data_message); if (data_message_available()) receive(data_message);

start_timer(): if (control_message_available) {
send(control_message); receive(control_message);
receive(reply); /* wait for reply */ send(reply);
stop_timer(); }

}

Figure 2. Pseudo-code for the synthetic benchmark used to develop the model.

Figure 3. Overview of the communication model and its parameters.

few source code lines. It should be noted that the benchmark
only models the communication behavior and that no consid-
eration is taken for the computation phases in Water.

The synthetic benchmark consists of two processes run-
ning on different nodes. The client process sends P data
messages of a given size, followed by a control message of
a fixed small size, 32 bytes. It then waits for a reply to the
control message and measures the time from the start of the
transmission of the control message until the reception of the
reply. The server process receives the messages and replies to
control messages. The replies are of the same size as the con-
trol messages, i.e., 32 bytes and have the same priority. All
message data, both from control, reply and data messages, is
acknowledged.

A control message will be delayed, if it is sent directly after
a number of data messages have been sent to the server, and
if priorities are not used. This is due to the fact that messages
in a traditional communication library are sent in FIFO order.
Any handling of data messages on the server side will further
delay the reply of the control message. From now on, when
we discuss the latency of control messages we mean the time,
as can be measured on the client side, from the start of a send
operation of a control message until the completion of the
receive operation of a corresponding reply.

3.2. Model overview

In order to fully understand the performance consequences of
using priorities and to quantitatively describe the enqueuing
behavior of the system we have developed a simple but useful
model of the control message latencies in the synthetic bench-
mark application. We assume that only one control message
is being sent at a time and thus there is no enqueuing of con-
trol messages. From the description of how Balder Messages

are implemented in section 2 it should be clear that the la-
tency of a control message is a complex function of software
and hardware latencies. However, for the purpose of this dis-
cussion we can model it according to figure 3.

In Balder Messages, certain buffers are found both at the
receiving and transmitting side. However, those buffers ac-
tually work as one single FIFO buffer and so we have only
one buffer in the model. In addition, some acknowledgement
messages are sent between the client and the server. These
messages are not explicitly modelled. Instead, they contribute
to the values of all three parameters and in particular. It is as-
sumed that all data messages have the same size and that the
control messages and their replies have another much smaller
size.

Using parameters from figure 3 the latency of control mes-
sages without priorities can be written as:

Tno priorities used = Tlatency + Tbyte · m

2
+ TFIFO · n. (1)

In equation (1), m is the data message size in bytes and
n is the number of occupied FIFO slots. For the purpose of
the model, we assume that the FIFO is infinite and that for
each FIFO slot that is filled, n, the control message is delayed
by time TFIFO. This comes from the fact that even though
messages are sent as soon as possible, all messages must also
be acknowledged, see section 2.4. The time needed to send an
acknowledgement is approximately independent of the size of
the data messages.

The total latency also depends on the size of the data mes-
sages. This is due to the fact that during the time a data
message is sent, a succeeding control message cannot be sent
since the network can only transport one message at a time.
The m/2 factor in the equation comes from the fact that when
a send operation of a control message is performed it is very
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likely that a data message is being transmitted. However, we
cannot cancel the transmission of the data message and we do
not know how much of it that have been sent. We therefore
assume that there is a data message being transmitted. The
delay caused by this message depends on how much of it is
left to be transmitted. We assume this fraction to be random
from a rectangular distribution and so we approximate the de-
lay caused by the data message with on the average half the
time it takes to transmit a data message.

If control messages are sent with a higher priority, the
FIFO is effectively bypassed and so we can in this case as-
sume that the number of FIFO slots becomes zero. Measure-
ments on Balder Messages indicates that this is correct. The
term can TFIFO therefore be dropped from the equation which
leads to the following form when priorities are used:

Tpriorities used = Tlatency + Tbyte · m

2
. (2)

Note that we do not really care about where the actual de-
lay of control messages occur when priorities are not used. It
could happen at the client side, the server side or at both. In
figure 3 we have shown the FIFO as being at the client side
but there could, in fact be a FIFO also at the server side. This
distinction is not important for the model which is why we
have chosen to ignore it. In addition, the model only takes
two priority levels into account and applies to the scenario in
figure 2.

3.3. Validation of model

The model above has been validated by running the synthetic
benchmark on top of Balder Messages using Fast Ethernet as
interconnecting hardware. Table 2 summarizes the properties
of the experimental platform.

We have augmented Balder Messages with instrumenta-
tion code so that the number of filled FIFO slots, i.e., n in
the model, can be measured. The control message latency
was measured, with and without using priorities, for various
data message sizes and various n. We applied linear regres-
sion to the measurement data in order to extract the model
parameters. The values obtained using these parameters and
the model closely resemble the measured data both with and
without using priorities. Hence, we conclude that for this sce-
nario, the model is accurate and valid.

Given the model presented in this section, we will now go
over and discuss the effect of priority based messaging for
other network technologies.

Table 2
Experimental platform properties.

Item Description

CPU Dual Intel Pentium II, 350 MHz
Memory 256 MB
Network adapter 3Com 3c905
Operating system Linux version 2.2.10

4. Extrapolation to other technologies

The model described above provides us with a tool to inves-
tigate the impact of priorities on time-critical messages with
evolving software and hardware technology. The most impor-
tant aspect of using priorities is the ability to lower the latency
for performance critical control messages or in other words:
the latency will increase if priorities are not used. Equa-
tion (3) combines equations (1) and (2) to show the relative
increase of the latency of control messages, L, as a fraction
of the absolute latency observed when priorities are used,

L = Tno priorities used − Tpriorities used

Tpriorities used

= Tlacenty + Tbyte
m
2 + TFIFOn − (Tlatency + Tbyte

m
2 )

Tlacenty + Tbyte
m
2

= TFIFOn

Tlacenty + Tbyte
m
2

. (3)

Obviously, the relative latency increase is a function of
both the message size, m, and the number of previous mes-
sages in the FIFO, n. We can further re-write the for-
mula using two parameters, A = TFIFO/Tlatency and B =
Tbyte/(2Tlatency). We then get equation

L = A
1

1 + Bm
n. (4)

Parameter A above is relatively independent on the tech-
nology by which a particular computer is designed since both
TFIFO and Tlatency scale approximately in the same way. TFIFO
is roughly equivalent to the time it takes to send one message
into the network. Tlatency on the other hand is close to the
roundtrip latency of the network for an efficient implementa-
tion. However, Tlatency and TFIFO relate to each other. Modern
high performance networks are commonly connected to the
nodes using I/O-cards connected a I/O-bus on the nodes. All
data transferred to and from the network must be transferred
over the I/O-bus and therefore in the ideal case, TFIFO corre-
sponds to one bus transfer while Tlatency corresponds to four
transfers, i.e., one send and one receive operation on each of
the two participating nodes. The usage of packet switches in
the network fabric also adds to Tlatency. However, the latency
of current, and probably also future, packet switches is rel-
atively small [25]. These basic design trade-offs will likely
remain unchanged and it is therefore probable that the value
of A in equation (4) will be a little lower than 1/4 for the
foreseeable future. Table 3 shows that this is indeed so for a
number of current systems.

Parameter B, on the other hand, is a function of two rel-
atively independent parameters: the basic overall latency of
small messages and the data rate. With a high data rate, we
get a small B and the queueing of messages in the FIFO will
be more pronounced. The data rate of the current high per-
formance computer networks is often limited by the bus with
which the network interface is connected to the processing
node and the properties of the bus therefore strongly influ-
ence the value of B. The use of long burst lengths and/or
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Table 3
Network technologies, model parameters, and relative latency increase used

in the discussion.

Network TFIFO Tlatency Tbyte A B

technology

Fast Ethernet 68 µs 360 µs 110 ns 0.189 0.16 · 10−3

SCI 2 µs 9.4 µs 40 ns 0.213 2.13 · 10−3

SCI-scaled 875 ns 4.11 µs 13.2 ns 0.213 1.63 · 10−3

LAPI 28 µs 109 µs 40 ns 0.257 0.18 · 10−3

RapidIO 36 ns 166 ns 3 ns 0.218 9 · 10−3

RapidIO-scaled 36 ns 166 ns 0.3 ns 0.218 0.9 · 10−3

wide buses, for instance, effectively lowers B. However, it
should be noted that a high data rate by itself does not mean
a low B as lowering Tlatency will make it possible to increase
the data rate and still maintain an unchanged B.

Six different network technologies, with their A and B val-
ues, are summarized in table 3. Some of these technologies
are current state-of-the-art while others are estimated by ex-
trapolation. Figure 4 shows the relative increase of the control
message latency for various data message sizes and one FIFO
slot filled when priorities are not used. We see that the perfor-
mance impact of priorities is significant for all technologies,
even those with very low latency.

The values for Fast Ethernet were obtained from the model
validation as described in section 3.3. The values for SCI
were estimated from measurements on Scali AS’s implemen-
tation of MPI [19] on Dolphin Interconnect Solutions’ 32-bit
PCI adapter [6]. The scaled SCI values were extrapolated
from the non-scaled SCI values to match that of a 66 MHz 64-
bit PCI SCI adapter. The LAPI values were estimated from
direct measurements on LAPI [20] on an IBM SP-2 while the
values for the upcoming RapidIO technology were estimated
from performance values made public by Motorola [14]. The
scaled RapidIO values were obtained by increasing the data
rate ten times while keeping the latencies unchanged.

It should be noted here that the upcoming InfiniBand ar-
chitecture would be a better representative than RapidIO for
high performance networks [8]. However, at the time of this
writing, no performance data, known to the authors, for In-
finiBand has been released. Please also note that the val-
ues obtained by estimation and extrapolation should only be
seen as an indication of the behavior of a corresponding sys-
tem. Both parameter A and B depend on the actual hard-
ware and software implementation of the communication li-
brary.

As we can see in figure 4, LAPI has a much larger relative
increase and thus enqueuing effect than the other technolo-
gies and the main reason for this is that the latencies in the
network are not matched to the high data rate which results in
a small value of B. It is interesting to see that 100Base-T per-
form better in this respect, i.e., it has a lower relative latency
increase than LAPI, although its overall latencies are much
larger. Again this is due to the fact that the data rate is lower
and so the data rate and the latencies are much better matched.

Both LAPI and 100Base-T are designed primarily for mes-
sage passing. SCI and RapidIO on the other hand are de-
signed to provide at least a crude shared memory program-
ming model which means that a great deal effort has been
spent on keeping the latencies low. It should be noted that
even though the latencies are low, both SCI and RapidIO pro-
vide a very high data rate. However, B is kept at a high level
because of the low latencies. Both the scaled SCI and Ra-
pidIO values are higher than the non-scaled. Here, the data
rate is higher so that the latencies become mismatched and
parameter B therefore becomes smaller.

From the discussion above we can se that there are two
possible ways to avoid delays as a consequence of message
queues. Either we introduce priorities in the communication
library or we aggressively reduce the latency in the driver soft-
ware and network hardware. The latter might in many cases
be difficult to achieve and we therefore suggest that user-

Figure 4. Relative increase of the latency of control messages, L, when priorities are not used, as a function of dat a message size. The number of filled FIFO
slots, n, is one.
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space communication libraries support message priorities as
they can be efficiently implemented in the higher levels of
an existing flow control algorithm. This approach is portable
which is particularly beneficial for software DSM systems.

5. Conclusions

Modern commodity network interconnects and user space
communication libraries provide low latency and high band-
width, and the performance is increasing. The performance
of processors, however, is improving much more rapidly than
the performance of networks and so the networks have be-
come performance bottlenecks. It has previously been shown
that, in software DSM systems, latency critical messages are
delayed by less critical messages, thus limiting the perfor-
mance.

In this paper we have argued that priorities among the mes-
sages should be introduced to solve this problem. An imple-
mentation of a communication library with priorities has been
done and a quantitative performance model has been devel-
oped. The model shows that, over a wide range of network
design parameters, priorities are beneficial. The latency of
critical messages is reduced with up to 25% for each delaying
message if priorities are used. The performance impact de-
pends more on the network bandwidth and the size of the de-
laying messages than on the overhead latency. However when
the delaying messages are small, the reduction in latency is
around 20% per delaying message regardless of bandwidth.

We also found that networks with high bandwidth bene-
fit more from priorities than those with lower bandwidth. In
general, the impact of priorities is smaller if the latency of
the network is low compared to the bandwidth. Since low-
ering latency is in practice very difficult, and the bandwidth
demands are increasing, we propose that priorities should be
introduced into the communication libraries as priorities can
efficiently be implemented in flow control algorithms.

Future studies involve studying how priorities should be
assigned to different types of messages in a software DSM
system and evaluating the impact on end application perfor-
mance.
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Abstract. OpenMP is a relatively new industry standard for program-
ming parallel computers with a shared memory programming model.
Given that clusters of workstations are a cost-effective solution for build-
ing parallel platforms, it would of course be highly interesting if the
OpenMP model could be extended to these systems as well as to the
standard shared memory architectures for which it was originally in-
tended.
We present in this paper a fully compliant implementation of the
OpenMP specification 1.0 for C targeting networks of workstations. We
have used an experimental software distributed shared memory system
called Coherent Virtual Machine to implement a run-time library which
is the target of a source-to-source OpenMP translator also developed in
this project.
The system has been evaluated using an OpenMP micro-benchmark suite
as to evaluate the effect of some memory coherence protocol improve-
ments. We have also used OpenMP versions of three Splash-2 applica-
tions concluding in reasonable speedups on an IBM SP2 machine. This
also is the first study to investigate the subtle mechanisms of consistency
in OpenMP on software distributed shared memory systems.

1 Introduction

Workstation clusters are cost-effective when it comes to implementing platforms
for parallel computation. Initiatives such as the Beowulf project have gained at-
tention to these platforms and there are now several such systems among the top
500 most powerful computers in the world [12, 20]. They are a viable alterna-
tive to SMP servers, even for small systems, just because they are cost-effective.
There is one major drawback, though. The topology and hardware of a cluster of
workstations only support a message-passing programming model. However, it is
widely acknowledged that a shared memory model, such as OpenMP [13, 14], is
preferred by most programmers when it comes to ease of programming and main-
tenance of the software base [19]. Software distributed shared memory, software
DSM, systems have been developed for quite some time now to provide a shared
memory programming model on clusters of workstations [2, 6, 8, 9, 18, 16]. It
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has been shown that it is indeed possible to achieve reasonable performance for
a range of applications using modern software DSM systems even though there
is still much work to do as to improve performance [7, 15].

In this paper we present a fully compliant OpenMP implementation of the
1.0 specification for C for a cluster of workstations. It is based on an existing
software DSM system called Coherent Virtual Machine [8] and is embodied in
the form of a run-time library and an OpenMP compilation system originally
developed for an SMP target [5].

The performance of the SMP version of the OpenMP implementation is on
par with commercial OpenMP compilers. For the Software DSM version, we have
changed the allocation of shared variables since Software DSM systems assume
explicit allocation of shared memory and OpenMP programs assumes shared
storage by default. The speedup of the same, unmodified, applications on the
Software DSM system with eight processors ranges from 4.1 to 6.5 which should
be compared to 6.8 to 7.8 achieved on an SGI Origin 3800 which is a distributed
shared memory architecture machine. Given the relatively small data set used
in these programs, and the difference in inter processor communication time,
this difference is not very big. It is important to note here that we are referring
to a full implementation of the OpenMP 1.0 specification for C, not a modified
version to suit the software DSM system better.

In the next section we briefly introduce the OpenMP specification for C,
in section 3 we present the compilation system and the run-time library we
developed for shared memory target platforms. This is followed in section 4 with
a discussion on software DSM systems. Section 5 outlines the implementation
aspects of the run-time library for software DSM followed by a performance
evaluation in section 6 before the paper is concluded.

2 OpenMP

OpenMP is a recent effort to provide an informal standard for how shared mem-
ory parallel computers should be programmed. It is a thread-level fork-join pro-
gramming model based on compiler directives. Several types of directives are
provided. Parallel directives are used to spawn parallel activity, and there are
work sharing directives to make the different threads do different things. Both
loop-level parallelism and functional parallelism are supported by the directives.
Directives for critical sections and other synchronization primitives are also avail-
able as well as a number of directives to control which variables are shared and
private to threads. However, in total there are relatively few directives which
makes it quite easy to start using OpenMP.

In addition to the directives, OpenMP specifies a number of intrinsic func-
tions that can be used to divide work based on the number of parallel threads
and thread identities similar to how the rank is used in MPI programs [11].

The following example shows an excerpt of a C program with a parallel region
and one of the more common work-sharing constructs. All examples are in this
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paper given in C since the software DSM OpenMP compilation system currently
only targets C programs. Equivalent structures exist for Fortran programs.

1 #pragma omp parallel
2 {
3 foo();
4
5 #pragma omp for
6 for (i = 0; i < 200; i++)
7 a[i] = bar(i);
8 }

Line 1 in the example above starts a new parallel region using the parallel
directive. OpenMP directives are inserted as pragma compiler directives and
typically operate on the lexically next C statement. In this case, a team of threads
is created and the compound statement beginning on line 2 is executed in parallel
by each of the threads. The number of threads that is created is determined at
runtime based on the value of environment variables. The function foo is called
by each of the created threads in parallel. The programmer has to make sure
that foo does not have any side-effects that can cause race conditions.

Line 5 contains a work-sharing construct, the for-directive. This construct
means that the iterations of the for-loop that follows are divided among the
threads in the parallel region. Each thread executes its share of the, in this case,
200 iterations. It is the responsibility of the programmer to make sure that the
loop iterations are independent.

Notice that without the directives, the program is still a valid program mak-
ing it easy to maintain a sequential and a parallel version of the code with the
same source code files.

We will now have a look at how the SMP-version of the OpenMP translator
that we have developed works before we look at what changes we needed to do
as to support software distributed shared memory.

3 The OpenMP Compilation System

We have implemented a C compilation system for OpenMP. The basis for this
system is a source-to-source code translator which given a source code with
OpenMP directives generates a new transformed source code with calls to a run-
time library. The library has primitives for spawning and synchronizing threads.
The actual translation process is described in detail elsewhere and we only pro-
vide a rough sketch here [5]. In essence, each parallel region is transformed into
a function called a parallel function. A pointer to one of these parallel functions
is passed as an argument to a library function when threads are to be spawned
and the spawned threads all execute the parallel function. The translator also in-
serts various library calls when needed as to implement work sharing and thread
synchronization.
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There are a number of problems when it comes to implementing OpenMP
on a cluster of workstations. First of all we need a shared address space, and
secondly there are some particular issues of OpenMP that forces us to modify
the OpenMP translator when targeting a software DSM system. We will first
discuss the issue of supporting a shared address space at all.

4 Software DSM Systems

A software distributed shared memory, software DSM, system implements a
shared memory programming model on top of a machine architecture that does
not support shared memory in hardware. The software DSM system is a piece
of user-level software that intercepts memory accesses that cannot be satisfied
locally, sends messages to the node(s) that has the requested memory contents
and resumes execution after that the local node has received what it needs.

We have based our implementation of the run-time library on top of an
existing software DSM system, Coherent Virtual Machine, CVM [8]. CVM im-
plements a number of consistency models, but we have focused on using the
Home-based Lazy Release Consistency model, HLRC [22]. Like many other soft-
ware DSM systems [2], HLRC is page based. This means that the system uses the
virtual memory page protection mechanism to detect accesses to shared memory
and memory contents are replicated on a virtual memory page basis.

In order to simplify the protocol, each page in an HLRC system has a home
node which always holds an up-to-date copy of the page. Thus, whenever a
processor accesses a page which is not present locally, a copy is retrieved from
the home. Several nodes can have write permissions to the same page in which
case several data structures are used to locally keep track of changes to the
page. These changes are transferred at synchronization points to the home node
where they are merged. The synchronization points also forces updated pages to
be invalidated. The synchronization points normally occur when synchronization
primitives are performed.

We chose to base our OpenMP run-time library on HLRC because of its
relative simplicity and because it performs quite robustly. There is, however, no
implicit assumption in our system on HLRC so it should be relatively straight-
forward to port the system also to other types of software DSM protocols, e.g.
homeless protocols.

In the next section we describe why we cannot use CVM and HLRC just as
they are as target for our OpenMP translator and why we had to augment both
the translator and CVM. We also briefly describe some implementation aspects
of the translator and the run-time library.

5 OpenMP on a Software DSM System

For obvious reasons we would like to implement the OpenMP run-time library,
without changing the interface of the existing SMP implementation. This enables
us to keep the exact same OpenMP translator for both the SMP version of the
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OpenMP implementation and the software DSM version. Unfortunately, this is
not entirely possible since variables declared outside a parallel region, and visible
from within that parallel region, are shared among the threads by default. It is
possible to explicitly declare variables to be shared, but the OpenMP specifica-
tion does not require it. This is in conflict to all previous software DSM systems
that require shared variables to be explicitly allocated. Therefore, we have aug-
mented the translator to automatically identify all variables that could possibly
be accessed from within a parallel region, and thus should be shared, and to
allocate them explicitly in the shared address space in the translated program.
Automatically allocated variables which usually are stored on a stack can also
be shared and to handle this we allocate these variables on a single shared stack.
However, automatically allocated variables that are not shared are still put on
the respective thread’s stack. Naturally, the support for the shared stack and
the allocation primitives have been added to the run-time library.

Mapping OpenMP’s memory model onto the HLRC model of our software
DSM system also caused a few potential performance problems. The only con-
struct that enforces consistency in OpenMP is the flush construct. The flush op-
eration requires that all shared memory variables are written back to the shared
memory and it is thus a synchronization point. Most OpenMP constructs that
contain some sort of synchronization implies that a flush is performed and there
is also the possibility to insert explicit flush statement in an OpenMP program
via directives.

A flush with no argument implicitly forces the system to perform consistency
operations for the entire shared memory area. The OpenMP flush construct can
also contain arguments with named variables in which case the consistency is
performed only on those variables. We call the former global-flush and the latter
selective-flush. Since OpenMP is intended to be used on a variety of consistency
models, including sequential consistency, total store ordering and release consis-
tency [1], the specification requires that implicit global-flush operations are made
in connection to many OpenMP constructs, such as entry and exit of parallel
regions, barriers, critical sections and work-sharing constructs. On an SMP that
implements a sequential consistent memory model, a global-flush is not much
more time-consuming than writing all register allocated variables to memory,
but for a more relaxed memory consistency model, and in particular on a soft-
ware DSM system, global-flushes can be very expensive operations. Therefore,
it is important that we try to use selective-flush, where only the named vari-
ables are affected, as much as possible and that we should reduce the number of
global-flushes if possible.

We have implemented the functionality of the consistency operation of global-
flush by using a scheme very similar to how locks are handled in a software DSM
system. An imaginary lock called the flush-lock is used for this purpose. A flush-
operation consists of an acquire of the flush-lock, immediately followed by a re-
lease. The acquire and release operations are implemented using message passing
making it possible to piggy-back information on the messages sent between the
previous flush-lock holder and the acquirer. The information transferred makes it
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possible to invalidate any updated pages and thus obtaining a coherent memory
state on all cluster nodes.

Selective-flush only need to force a coherent memory state for the specified
variables and it should thus cause a much lower overhead. This is not considered
in current page-based software DSM systems and so we have to augment the
coherency protocols. To do this we use the flush-lock again but only the infor-
mation needed to update the specified variables are sent between the nodes. This
greatly reduces the overhead.

It should be noted here that OpenMP also has intrinsic lock functions, how-
ever, these locks only perform mutual exclusion and does not enforce consistency.

Work-sharing constructs in OpenMP can have a reduction clause which
causes a reduction operation on a variable. The simplest implementation of the
reduction operation is to use a critical section where the global reduction vari-
able is updated from the local copies of each process. However, the OpenMP
specification states that the result of a reduction is not guaranteed to be visible
until a barrier and this made possible for us to merge the reduction operation
with the barrier thus eliminating quite a bit of coherency traffic.

The atomic construct in OpenMP has almost the same semantic as a critical
section but allows for a more efficient implementation. The code excerpt below
is an example of the atomic operation.

1 #pragma omp atomic
2 v = v + foo();

The update of variable v must be done atomically. The invocation of the
function foo, however, is not guaranteed to be atomic and it should therefore
not contain any side-effects. The simplest implementation of atomic is to use
a critical section with global-flush. However, we have a chance to optimize it
using a refined version of our selective-flush approach. We here first execute
function foo to get its return value, then acquire the flush-lock asking for updates
for variable v only but we will not release it until we have updated v’s value
exploiting the mutual exclusion properties of the flush-lock.

Before presenting some performance measurements from our prototype we
would like to point out that we have through-out the run-time tried to reduce
the number of messages sent by merging messages whenever possible.

6 Performance

We have used an IBM SP2 machine with 160 MHz POWER2 uniprocessor nodes
as our experimental platform. All the nodes have 256 megabytes of memory and
are interconnected with a 110 megabyte/s network. The nodes were running AIX
4.2. A virtual memory page has a size of 8 kilobytes in this version. We have
also used a SGI Origin 3800 with 400MHz MIPS R12000 processors for making
comparisons.

We evaluated our prototype with three applications from SPLASH-2 [21].
The applications and data sets used were 1D-FFT (220 points), LU (1024×1024
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matrix), and Water-spatial (512 molecules, 6 time steps). All applications were
run with up to 8 nodes. The EPCC micro-benchmarks were used to measure the
overhead of OpenMP constructs and scheduling schemes [3].

Figure 1 presents the relative speedups for the three SPLASH-2 applications.
All applications were also run the SGI machine using SGI’s own OpenMP com-
piler. As expected, the speedups are better on the SGI, which is a CC-NUMA
and implements shared memory in hardware, but the differences are not ex-
tremely large. We believe the good performance of our prototype comes from
the coherency protocol enhancements we have made. The OpenMP specifica-
tion allowed enough freedom to do these optimizations and this indicates that
OpenMP is a viable approach for a broad range of parallel computing platforms.

Figure 2 shows the normalized execution time breakdown observed in the
software DSM system for the three applications. The fraction labeled “Appli-
cation” is the application busy time fraction. For 1D-FFT and Water-spatial,
the most dominant overhead is page requests which is labeled “Page request
at home”. Page requests are very common as a page has to be requested from
the home node each time a page is accessed after being invalidated. The second
largest overhead is the barrier fraction, labeled “Barrier”. This time includes
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the time it takes to perform the barrier operation, the time to fully update the
home nodes and possible idle time because of load imbalance. Finally, in Water,
mutual exclusion locks, labeled “Mutual exclusion lock”, constitute a large over-
head as well. Whenever possible, we combine the flush-lock operations, labeled
“Flush lock”, with ordinary mutual exclusion lock operations which is here seen
as a relatively large overhead for the mutual exclusion locks. The fraction of the
execution time it takes to handle incoming messages is labeled “Sigio” while the
time fraction it takes to handle page faults is labeled “Segv”. The idle time in
the system is simply labeled “Idle”. These values suggest that our approach to
optimize the flush operations is valid.

Figure 3 (a) shows the measured overheads for a few different OpenMP
constructs with implied barriers as reported by the EPCC OpenMP micro-
benchmarks.

We here clearly see the difference in overhead between using a näıve reduction
implementation, using global-flush and locks, and our optimized implementation
that delays the reduction operation until the next barrier. The overhead of a par-
allel construct with a reduction using the näıve implementation, labeled “Naive
reduction”, is extremely high due to the high cost of flush operations and the
serialization caused by the locks. The optimized implementation, labeled “Re-
duction in function”, on the other hand has about the same overhead as a plain
parallel construct and we can thus argue that with our implementation the re-
duction adds no extra overhead.

The parallel for construct is the combination of the parallel directive and
a work-sharing construct with static scheduling. It has a much larger overhead
than the parallel construct and this is due to an excess barrier introduced by our
OpenMP translator. This excess overhead will be removed in the next version
of OpenMP translator and was due to the translator treating the parallel for
construct as two separated parallel and for constructs and inserted a not needed
barrier at the end of the for construct. With these changes we expect the parallel
for construct to have essentially the same overhead as a plain parallel construct.
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The barrier construct has approximately the same overhead as a plain work-
sharing construct, labeled “For”, and this is expected as the static for work-
sharing construct is very efficient. We here basically only see the overhead of the
barrier at the end of the for construct.

The single construct has a little bit higher overhead than a plain for. Our
run-time causes a slight overhead when starting a new work-sharing construct
and this leads to the difference in overheads. When measuring the overhead of
the for construct the micro-benchmark runs several iterations and so the start-up
overhead is not as pronounced in the values of the for construct.

Figure 3 (b) shows the measured overheads of different schedules in work-
sharing constructs. The x-axis in the figure shows the chunk size used when
distributing iterations of a for-loop on eight processors with 1024 iterations.
The static schedule distributes the iterations statically and equally to the dif-
ferent processes and therefore has very little run-time overhead. The dynamic
schedule distributes iterations dynamically in chunks and the guided schedule is
a dynamic schedule where the chunk size from start is the number of iterations
divided by the number of processes. As expected, both the dynamic schedules
have a substantial overhead compared to the static scheduling policy. Also, our
prototype has the same behavior as a SMP implementation would have although
the overheads are higher.

Figure 4 (a) shows the overheads for a few mutual exclusion constructs as
measured by the EPCC micro-benchmarks. We see the striking difference in
overhead between using global-flush, labeled “Global flush atomic” in the figure,
to implement atomic and our optimization using a variant of our selective-flush
approach, labeled “Selective atomic flush” in the figure. The overhead of a critical
construct is almost as low as the one of just using the intrinsic functions, i.e. lock
and unlock. This comes from the fact that the loop that measures the overhead
of critical constructs do not touch any shared data and so very little coherency
information is sent. The optimized version of atomic has approximately the same
overhead as the intrinsic functions. We believe this comes from the fact that the
rather large lock latencies in the system can hide the coherency work done in
the atomic construct.
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Finally, figure 4 (b) shows the performance difference of only the global-
flush and selective flush for a micro-benchmark based on an example from
the OpenMP specification [14]. There are two shared variables in this micro-
benchmark, a data array and a synchronization variable array. In one iteration
each processor updates an element in the data array and then signals this up-
date to a neighboring processor with selective-flush. Again, we see the growing
difference between the two flush-implementations as the number of processors
increases.

7 Related Work

There are three related studies on OpenMP for software DSM systems known
to us.

One study was made by H. Lu et al. [10]. They deviate from the OpenMP
specification in two ways. Variables in parallel region are treated as private
by default and all shared variables must be explicitly declared. Furthermore
to alleviate the expensive run-time cost for flush, they introduced condition
variables and semaphores, which would replace flushes in pipelined or task-queue-
based parallelism.

Y. C. Hu et al. reports on an OpenMP implementation on networks of
SMPs [4]. Here no apparent deviations from the OpenMP specification has been
made. However, it is unclear how flushes are handled.

M. Sato implemented a OpenMP translation tool which instruments the ap-
plication’s code with communication primitives as to uphold coherency [17].
However, as to work their system required a specialized network interconnect
and runtime environment.

In short, our work differs from the related work above in that we fully imple-
ment the OpenMP specification in a highly portable way. We have put consid-
erable effort into a correct and efficient implementation of the flush operation.
We also evaluate the performance of our system using several benchmarks.

8 Conclusions

Clusters of workstations are becoming more and more sought-after as cost-
effective parallel computing platforms. We have in this paper presented a system
consisting of an OpenMP translator, a run-time library, and a software dis-
tributed shared memory system that together form a fully compliant implemen-
tation of the C OpenMP specification version 1.0 for a cluster of workstations. It
is one of the first in this kind and we expect to release an open source version of
both the compiler and the software DSM system shortly. In contrast to previous
work on OpenMP for clusters of workstations/SMPs, we have focused on the
compliance aspect of OpenMP and to provide the first published data on the
overheads of OpenMP constructs in a software DSM system.

We find the performance of the resulting system quite satisfactory. The
speedups are similar to previously reported results and, although the OpenMP
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construct overheads are high, we find that they exhibit the same general behav-
ior as on SMP systems when the number of processors scale. During the work on
the system we have found numerous ways to improve performance. Most notably
through a cooperation between the OpenMP translator and the software DSM
run-time library. This will be the focus of future research. We will also work on
adding support for SMP nodes.

It was surprisingly complicated to get the semantic meaning of some of the
more subtle issues of OpenMP correct. Flushes of individual variables turned
out to be particularly troublesome to implement correctly.

Acknowledgements

The work in this paper has been partly financed by the European Commission
in the Intone project under contract number IST-1999-20252. The OpenMP
translator was in part implemented also by H̊akan Zeffer, Samer Al-Kassimi
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ABSTRACT
OpenMP is an informal industry standard for programming parallel
computers with a shared memory and has during the last few years
achieved considerable acceptance in both the academic world and the
industry. OpenMP is a thread-level fork-join programming model and
relies on a set of compiler directives. An OpenMP aware compiler uses
these directives to generate a multi-threaded application. In practice, an
OpenMP run-time library is also needed as OpenMP specifies a set of
run-time library calls.

In this paper we report on a free OpenMP compiler and run-time
library infrastructure. We present an OpenMP compiler for Ccalled
OdinMP and briefly discuss the run-time library that the compiler tar-
gets. The source code to both the compiler and the run-time libraries
are available and can be freely used for OpenMP research.

The compilation system is evaluated using the EPCC micro-benchmark
suite for OpenMP and a set of applications from the SPLASH-2 bench-
marks suite ported to OpenMP. Comparisons are made to OpenMP aware
compiler systems from SGI and Intel.

The performance of code generated with the presented compilation



system is shown to be very close to or exceeding that of commercial
compilers for a wide range of benchmark applications.

1 Introduction

Parallel computing with a shared-address-space, SAS, programming
model was for a long time hampered by the fact that there was no
standard way of writing programs that were portable across different
shared-memory machines. This made independent software vendors
reluctant to develop parallel shared address space applications. The sci-
entific computing community developed the Parallel VirtualMachine,
PVM, and, with support from a machine vendor consortium, theMes-
sage Passing Interface, MPI, in order to program parallel machines with
a message passing programming model [10, 15].

It has long been argued that a shared address space programming
model is to prefer from a programming productivity standpoint and that
it is easier to come to a working parallel code from a serial code base
than if a message-passing programming model is used. But thenagain,
the lack of a standard high-level programming model has constituted a
hindrance for wide-spread use of this model.

Since the introduction of OpenMP in 1997, for Fortran, and in1998
for C/C++, this has changed [12, 13]. OpenMP is an informal standard
maintained by a non-profit board constituted by industrial and academic
partners. OpenMP allows software developers to maintain portable se-
rial and parallel versions of their code with the same code-base. It leaves
a lot of the low-level technical details in maintaining parallelism to the
compiler so that the programmer can concentrate on the actual parallel
algorithm. It is also a small standard making it possible to master it in
its entirety.

OpenMP is constantly evolving and the OpenMP architecture re-
view board, ARB, is open for new suggestions to add to the program-
ming model. However, there are two important requirements that need
to be fulfilled: (i) the proposal should be demonstrably effective, i.e., it
should solve some problem that the standard currently cannot handle,
and (ii) it should be possible to implement effectively. Bothof these
requirements basically require that the proposer has implemented the
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feature in an experimental infrastructure.
In this paper we report on a free OpenMP compiler, called OdinMP,

and a run-time library infrastructure for C/C++ which has beenmade
available to the research community for exactly this purpose. The sys-
tem consists of an OpenMP source-to-source translator, a compiler driver
and a run-time library. We show some of the transformations done in
the translator and provides a performance analysis of the compilation
system for a micro-benchmark and some scientific/engineering codes
in comparison with two commercial OpenMP compilers. We find the
performance of OdinMP to be on par with both the Intel C/C++ com-
piler version 8.0 and the SGI MIPSpro 7.3 OpenMP compilers.

While almost all server and compiler vendors provides OpenMP
compilers, there are few compilers to which you can obtain the source
code and implement your own modifications. To the best of the authors
knowledge there are only one such compiler, the Omni compiler [14].
The compiler presented in this paper can in contrast to the Omni com-
piler handle more of the C99 and ANSI C++ specifications [4, 5]. The
previous OdinMP/CCp compiler was not open source, was very limited
and only the Java class files were provided [2]. OdinMP is written en-
tirely in C++, is a full rewrite, is more efficient and is provided with full
source.

The rest of this paper is organized as follows. Section 2 gives a brief
introduction to OpenMP while the OdinMP compiler and associated
run-time libraries are introduced in section 3. The performance of code
generated with the compilation system is evaluated in section 4. Finally,
the paper is summarized in section 5.

2 OpenMP

OpenMP is an informal industry standard for programming shared mem-
ory parallel computers [11–13]. It is a thread-level fork-join program-
ming model based on compiler directives and a few library functions. It
is hence necessary to use a compiler which understands the directives
to write a parallel program with OpenMP.

A range of compiler directives are provided in OpenMP. Aparal-
lel directive is the basic structure for starting parallel activity.Work-
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sharing directives provide the functionality for distributing work among
threads. The OpenMP directives are devised so that both loop-level par-
allelism and functional parallelism are supported. Apart from these two
types of directives there are directives for implementing critical regions
and barrier synchronization. It is, furthermore, possibleto tag the paral-
lel directives with storage attributes which makes it possible to instruct
the compiler as to which variables should be treated as shared between
threads or private to each thread.

Although so much functionality is provided, the number of direc-
tives is quite small which makes it rather straightforward to learn and
use OpenMP.

The OpenMP specification also describes intrinsic run-timefunc-
tions which, for example, can be used to deduce the number of currently
running threads. There are also functions implementing lock primitives
and functions for obtaining the identity of threads.

OpenMP directives are in C inserted as compiler pragma directives.
All examples in this paper are written in C since the compilation system
described targets C and C++ [4, 5]. Equivalent structures forFortran
programs exist, however.

We will now continue with a description of the OdinMP compilation
system.

3 The compilation system

There are two primary services that the compilation system must pro-
vide. The first is the actual processing of OpenMP directivesand the
second is the intrinsic run-time library functions specified by the OpenMP
specification.

We have developed a source-to-source compiler for C and C++ called
OdinMP, which parses and handles the directives. OdinMP calls on
other tools such as compilers, linkers and pre-processors so that it looks
and feels to the programmer as an ordinary C compiler.

An OpenMP program generally needs some support for creatingand
synchronizing threads. While an OpenMP-aware compiler could emit
all supporting functions into the generated code, it is often more conve-
nient to use a run-time library. We have chosen the latter.
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The run-time library holds the intrinsic OpenMP run-time functions
as well as basic support for thread creation and synchronization. The
OdinMP compiler supports several different run-time libraries. One
which is developed at UPC in Barcelona and another one, calledBalder,
which is developed by the authors. The Balder library also hasfull
support for nested parallelism and support for running OpenMP ap-
plications on top of clusters. We are, however, not going to discuss
those features. Some preliminary cluster work has already been pub-
lished [8]. The run-time libraries were developed within the context of
a EU financed research project called Intone and are sometimes called
theIntone run-time libraries [1, 6].

In short, the libraries provides:

• implementations for all run-time functions as stipulated by the
OpenMP specification.

• support for spawning of threads. This is described in more detail
in section 3.2.

• support for work-sharing directives. All work-sharing constructs
in OpenMP can be mapped to parallel for-loops and so the run-
time provides support for such for-loops as described in section
3.4.

• synchronization of threads. The basic synchronization methods
provided in OpenMP are barrier synchronization, locks, andmu-
tual exclusion. The programmer do barrier synchronizationby
using a directive while mutual exclusion can be either achieved
by using lock operations directly or by using OpenMP constructs
for critical regions or atomic operations.

We will now continue with an overview of the entire compilation
system.

3.1 Compilation system overview

Figure 1 shows the general flow of information in the compilation sys-
tem. The compiler implements the two lightly shaded boxes:The OpenMP
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Figure 1: General overview of the work-flow in the OpenMP C/C++
compiler.

translator, Pre-linker and the bigger darker shaded box which consists
of a wrapper calling the other program components as needed.The
wrapper implements an interface similar to a traditional Unix type of C
compiler and works as follows.

First, all C/C++-files are run through the ordinary C/C++ pre-proc-
essor. This has the effect that all include-files are included in the source
files and that OdinMP does not have to parse pre-processor directives.
Then OdinMP is run on each source file separately to parse the OpenMP
directives and generate parallel code using the run-time library as a tar-
get. In addition, it creates a database file with informationabout ini-
tialization routines and possible named locks for criticalregions. The
pre-linker takes the database files as input and generates a C-file which
contains an initialization routine for the program. This routine initial-
izes global locks and calls the initialization routines that might exist for
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different source code files. These routines are emitted by the compiler
to handle initialization of variables used by the transformed OpenMP
constructs.

After transforming the OpenMP source code, the wrapper willcom-
pile the generated source code with a compiler to generate object code.
The actual compiler, called theback-end compiler, used for this step is
controlled by the programmer using environment variables.In fact, all
phases of the compilation as orchestrated by the wrapper canbe con-
trolled by environment variables. This makes it possible tocustomize
the OdinMP compiler to the back-end compilation system.

The wrapper also implements an interface which resembles that of
standard Unix linkers. This interface performs the pre-link step as pre-
viously described and will also compile the initializationroutine pre-
viously described and run a linker to generate a complete executable
application.

The OdinMP compiler and the run-time library developed by UPC
are available in source code and can freely be used for research [6, 9].
The Balder run-time library has not been made public at the time of this
paper being written. It is, however, the intention of the authors to make
the source code of the library public.

Being a source-to-source compiler, OdinMP is very easy to port to
new architectures as it does not produce object code directly but relies
on the back-end compiler to generate all object code. OdinMPis written
in C++ and can be ported to virtually any platform which provides a
C++ compiler.

We will now continue with looking at some OpenMP constructs and
how OdinMP will generate code for these constructs.

3.2 The parallel construct

The examples have been made somewhat simplified for brevity and so
the actual output from the compiler might differ from these examples.
We will start with the parallel construct, which is the basicform of
achieving parallelism in OpenMP programs.

The parallel construct describes a region of the OpenMP application
in which several threads may be executing in parallel. The OdinMP
compiler will turn each such parallel region into a functionas in the
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following example.

#pragma omp parallel
{
int my_id = omp_get_thread_num();
/* returns the identity of the

current thread. */
foo(my_id);
/* Some function which may be executed

by multiple threads in parallel. */
}

The parallel region described by the parallel construct is translated
into a function which looks as follows. Theomp_get_thread_num()
is an intrinsic function in the OpenMP specification.

static void in__tone_c_pf0()
{
int my_id = omp_get_thread_num();
foo(my_id);

}

We refer to these parallel regions turned into functions asparallel
functions. The original parallel section is replaced with the following
code:

in__tone_spawnparallel(in__tone_c_pf0, 1,
in__tone_cpus_current());

Thein__tone_spawnparallel() function is a function in the run-
time library and is used to spawn threads. It does does not return until
all the spawned threads have ended. For efficiency the run-time library
does not actually create or destroy threads when
in__tone_spawnparallel() is executed. Instead, a system is im-
plemented where a pool of previously created threads is used, if pos-
sible, so as to avoid the overhead of thread creation. The function
in__tone_spawnparallel() takes at least three arguments. The first
argument is the pointer to a parallel function. The second argument is
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an integer holding the number of arguments starting with thethird ar-
gument. Hence, the constant 1 in this case. The third argument is an
integer holding the number of threads to spawn. The functioncan fur-
thermore pass multiple arguments to the function corresponding to the
parallel region. This functionality is used to implement certain types
of shared variables as described below. In this example, however, no
arguments are passed to the parallel function.

The call to functionin__tone_cpus_current() returns the num-
ber of threads to spawn. This value is based on the environment vari-
ables and run-time options that control the run-time library.

3.3 Storage attributes

Variables that are accessible in a parallel region are by default shared
among all threads that execute in parallel. There are exceptions for loop-
index variables used in loops controlled by a work-sharing construct
and automatically allocated variables, e.g. variables declared within
dynamic context of a parallel region. These are private to each thread.
The default behavior of variable allocation can be changed with storage
attributes to the parallel construct.

As mentioned earlier each parallel region is put in its own func-
tion. Private variables are then allocated on the stack of each thread,
i.e., within the function that represent a parallel section. Globally de-
clared shared variables can remain global as they are globally accessible
from all functions. Automatically allocated shared variables cannot be
reached directly. Instead, a pointer to the shared variableis passed as
an argument to the parallel function and all accesses to thisvariable are
replaced with pointer de-references.

We will now continue looking at how OpenMP work-sharing con-
structs are handled by OdinMP.
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3.4 Work-sharing constructs

The following example illustrates the use of the for-loop work sharing
construct. It must be dynamically enclosed in a parallel region.

1 #pragma omp for
2 for (i = 0; i < 99; i += 3) {
3 /* parallel loop */
4 }

In this example 99 iterations will be split among the threads. The
run-time library exposes an interface to support-functions for parallel
loops. Three functions are used to implement all work-sharing con-
structs in OpenMP.

The functionin__tone_begin_for() is called before the start of a
new parallel for-loop. OpenMP allows the programmer to moreclosely
control how parallel loops are executed through the directives. The
programmer can for example control the smallest number of iterations
handed out to each thread. It is also possible to control how iterations
are scheduled among threads. The compiler extracts all thisinformation
from the directives and passes it on as arguments to
in__tone_begin_for().

The functionin__tone_next_iters() is used to fetch new itera-
tions to execute. It is called by threads as they need more iterations to
execute and returns a range of iterations which is then performed by the
calling thread.

Finally, in__tone_end_for() marks the end of a work sharing
construct. Using these three functions it is possible to implement all
OpenMP work-sharing constructs as they are strictly speaking special
cases of parallel for-loops. The exact mapping of the various constructs
can be found in the OdinMP user’s manual [7].

We will now continue looking at how synchronization is handled.

3.5 Synchronization

As mentioned earlier, OpenMP supports atomic operations, barriers and
locks in various forms as synchronization primitives. The run-time li-
brary has direct support for all these primitives and the code generated
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by the compiler is thus straight forward. Each construct is directly re-
placed with calls to the run-time library.

The limitations of the compilation system is discussed in the next
section.

3.6 Limitations

At the time of this writing, the OdinMP compiler version 0.281.1 par-
tially supports ANSI C++ and supports the C99 specification with one
exception [4, 5]. OdinMP does not fully support initialization of array
and struct variables using designators, which is a new feature of the
C99 standard. As of now designators within initializations of variables
are not fully supported. So calledthreadprivate variables are not sup-
ported as well as the semantics of volatile variables. OpenMP version
1.0 is otherwise supported and OpenMP version 2.0 is partially sup-
ported [12, 13].

This concludes the discussion of the compilation system andwe
will now proceed with a performance evaluation of the system. Further
information on the compilation system can be found in OdinMP’s doc-
umentation [7]. The development of OdinMP is still on-goingand it is
likely that the limitations above are removed in later versions.

4 Experiments

Several experiments have been performed so as to judge the perfor-
mance and efficiency of the code generated by the compilationsystem
and we will now continue describing these experiments.

4.1 Experimental setup

We will start the discussion with the benchmarks.

4.1.1 Benchmarks

The EPCC micro-benchmarks have been used to measure the basic
overhead latencies in the run-time libraries and generatedcode [3]. These
micro-benchmarks are widely adopted by both the industry and academia.
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The performance of applications is evaluated using applications from
the SPLASH-2 benchmark suite [16]. The SPLASH-2 applications
were originally written using ANL macros but have been ported to
OpenMP. Six applications were chosen from the suite based ontheir
behavior. The application were Barnes, Cholesky, FFT, two versions of
the LU kernel, and one version of Ocean. The data sets were chosen
for each application so that the execution times of the serial versions of
the applications ranged from fairly short up to several minutes. We will
now briefly describe each application and the chosen data sets.

Barnes: The Barnes application implements a N-body simulation
using the Barnes-Hut method. The application simulates how anum-
ber of bodies, i.e., particles, interacts with each other. The data set for
Barnes was chosen to be 262144 bodies which corresponds to a serial
execution time of 459 seconds on a SGI Origin 3800. Barnes is fairly
regular and we expect it have good parallel performance.

Cholesky: This application performs a Cholesky factorization on a
sparse matrix. The usage of a sparse matrix causes the communication
to computation ratio to be fairly high and we thus expect Cholesky to
have much worse parallel performance than Barnes. The data set used
was the tk29O data set which has a serial execution time of 1.5 seconds
on a SGI Origin 3800. The execution time is very short and thismeans
that any underlying overheads in the OpenMP constructs or run-times
will be more pronounced.

FFT: The FFT application performs a one dimensional complex
fast Fourier transform. Such a transform is highly parallelizable and
we expect good parallel performance. The data set was chosento be
16777216 complex values which yields a serial execution time on a
SGI Origin 3800 of 40 seconds.

LU kernel: The LU kernel performs a triangulation of a dense ma-
trix. The kernel comes in two versions. One which uses contiguous
partitions and one which uses non contiguous partitions. Wehave cho-
sen to use both versions. The data set chosen was a 5000x5000 matrix
which yields a serial execution time on a SGI Origin 3800 of 473 and
541 seconds for the contiguous partitions and the non contiguous parti-
tions versions respectively.
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Ocean: The ocean application simulates ocean water movements.
We have here chosen to use the contiguous partitions versionwith an
ocean size of 2050x2050. The serial execution time is 293 seconds on
an SGI Origin 3800.

4.1.2 Experimental platforms

Two different experimental platforms have been used. The first is a
dual Pentium III workstation, with 1 GHz processors, running Linux
version 2.4.25. This machine was used to do simple comparisons to
Intel’s C/C++ compiler version 8.0 using the EPCC micro-benchmarks.
The back-end compiler used by the OdinMP compilation systemwas
gcc 3.3.3 and the run-time library developed by UPC, hereafter called
theUPC run-time, was used.

The other experimental platform used is a 128 CPU SGI Origin 3800
running IRIX 6.5. This machine was used to evaluate the performance
of compiled applications. SGI MIPSpro 7.3 was used for comparison.
Here the MIPSpro compiler was also used as back-end compilerto-
gether with the UPC run-time.

The UPC run-time released in July 2002 was used on both platforms
and the version of OdinMP used was 0.281.1.

All benchmarks have been run at least ten times. All values pre-
sented are average values formed by taking data from all runs. All exe-
cutables were compiled at optimization level -O.

4.2 Results and discussion

We will start with a discussion of the results from the runs ofthe EPCC
micro-benchmarks. These benchmarks consist of two applications which
in turn measure the overhead of several different OpenMP constructs.
We have for brevity chosen to present the overheads of the most com-
monly used constructs and will start with the results from the runs on
the Pentium III machine using 2 CPUs, see table 1. Values for code gen-
erated with the Intel compiler and OdinMP with the UPC run-time are
presented. TheParallel construct, For construct, andBarrier construct
rows show the overhead of one single parallel, for and barrier construct
respectively. TheLock and unlock primitives row shows the overhead of
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Table 1: Overheads in microseconds of common OpenMP constructs as
measured by the EPCC micro-benchmarks on a dual Pentium III work-
station.

Construct Intel compiler OdinMP with the
UPC run-time

Parallel construct 1.43 +/- 0.11 1.43 +/- 0.53
For construct 0.79 +/- 0.17 2.48 +/- 0.24
Barrier construct 0.48 +/- 0.19 0.37 +/- 0.17
Lock and unlock 0.48 +/- 0.33 0.34 +/- 0.12
primitives

using first locking and then unlocking a single lock once. Alloverheads
are presented with their 95% confidence interval.

OdinMP paired with the UPC run-time, yields roughly the same
overheads, if not better, as the Intel compiler except for the for con-
struct. This is not very surprising as the Intel compiler generates object
code directly and can do better optimizations than OdinMP which emits
source code. OdinMP is, for example, limited to using generic run-time
functions while the Intel compiler can specialize the for code. We have
disassembled the code generated by the Intel compiler and itdoes seem
to specialize the code.

The EPCC benchmarks were also run on the SGI Origin machine
and the results are the similar to the results gathered on thePentium III
system. Code generated with OdinMP and run with the UPC run-time
has approximately the same overheads as code generated withthe MIP-
Spro compiler. The overheads are larger for the for construct where the
MIPSpro compiler can do better code than OdinMP and for the parallel
construct in that the MIPSpro compilation system is more efficient when
spawning threads than the UPC run-time. The overhead for code gener-
ated with the MIPSpro compiler grows less than linear while the over-
head with the UPC run-time grows linearly with the number of threads.
However, as we will see later on in this section, this has little impact on
the performance of larger applications as most applications use few and
fairly large parallel regions and parallel for-loops with relatively many
iterations.
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Figure 2: Relative speedups of the Barnes application.

We will now have a closer look at the performance of the SPLASH-
2 applications on the SGI Origin machine when compiled with the two
compilation systems. Generally, the two compilation systems yield
approximately the same performance. The differences are very small
and can be explained by the differences in overheads as previously de-
scribed. We will now discuss each application.

The performance of Barnes for both compilation systems can be
seen in figure 2. The figure shows the relative speedup which inthis
paper is the execution time for a purely serial version of theapplication
divided by the execution time of a parallel version of the same applica-
tion. This measure thus takes into account all extra code generated to
handle parallelism. The serial versions of the applications were gener-
ated by compiling the applications with the back-end compiler forcing
it to not honor OpenMP directives. The result is an executable which is
without any OpenMP related code and will not execute in parallel.

The SPLASH-2 benchmarks outputs two measurements of the ex-
ecution time. One of these measurements cover all parts of the bench-
marks including the initialization phase which can includefile IO oper-
ations while the other one measure the time spent in the parallel portion
of the benchmarks. We are primarily interested in the parallel perfor-
mance of the applications and so we have chosen to only use thelatter
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Figure 3: Relative speedups of the FFT application.

measurement when forming the relative speedup. We have for all appli-
cations used the same number of threads as CPUs making it possible to
run one thread on each CPU.

Both compilation systems yield more or less the same performance
for Barnes. The differences in performance are slightly larger for the
FFT and Cholesky benchmarks, see figure 3 and figure 4. The differ-
ences get more exaggerated with increasing number of CPUs andthe
reason for this is that the parallel execution time is fairlyshort for these
benchmarks causing the differences in overheads outlined above to have
more impact.

The two variants of the LU kernel behave more like Barnes in that
the performance differences are small, see figure 5 and figure6. The
graphs show no surprises.

The contiguous partitions version of Ocean performs, however, much
more interestingly, see figure 7. Ocean has super-linear speedup and
this is because the working data set is so small that it will fitinto the
combined second level caches of eight CPUs effectively reducing the
number of cache misses. The difference in speedups when using 16
CPUs is fairly large but the absolute difference in executiontime is
fairly small and can be explained with differences in the overheads of
synchronization primitives.
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Figure 4: Relative speedups of the Cholesky application.

Figure 5: Relative speedup of the contiguous partitions version of the
LU kernel.
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Figure 6: Relative speedup of the non contiguous partitions version of
the LU kernel.

Experiments with more CPUs, i.e., up to 64 CPUs, show that the
performance trends outlined above continue as the number ofCPUs in-
creases. The differences in underlying overheads of OpenMPconstructs
in the two compilation systems become more accentuated as the execu-
tion times decreases.

The relative speedup on one CPU is very close to 1 for all of the
benchmarks and both compilation systems. The difference isat most
3% for code generated with OdinMP and less than 1% for code gener-
ated with MIPSpro, see table 2. This indicates that the fact that OdinMP
is a source-to-source compiler has very little impact on performance.

5 Conclusions and summary

In this paper we have presented a free C and C++ compiler for OpenMP,
called OdinMP, which paired with a suitable run-time library yields ap-
plication performance which is very close to or exceeding the perfor-
mance obtained by using commercial OpenMP compilers. This even
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Figure 7: Relative speedup of the contiguous partitions version of the
ocean application.

Table 2: Relative speedups for the benchmarks when running onone
CPU.

Benchmark MIPSPro OdinMP with
compiler the UPC run-time

Barnes 0.99 0.99
FFT 1.00 0.97
Cholesky 1.00 1.00
LU contiguous 0.99 0.99
LU non contiguous 0.98 1.00
Ocean contiguous 0.99 0.99

though OdinMP is a source-to-source code compiler and can not per-
form the more elaborate optimizations made possible to compilers that
emits object code.

Several benchmarks have been run and the performance difference
between code compiled with OdinMP and code compiled with a com-
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mercial compiler is very small. One can therefore conclude that OdinMP
is a viable alternative to commercial compilers and a strongfoundation
for research on OpenMP and shared memory programming modelsin
general.
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Abstract

In this paper an run-time library, called Balder,
for OpenMP 2.0 is presented. OpenMP 2.0 is an
industry standard for programming shared mem-
ory machines. The run-time library presented
can be used on SMPs and clusters of SMPs and
it will provide a shared address space on a clus-
ter.

The functionality and design of the library is
discussed as well as some features that are being
worked on.

The performance of the library is evaluated
and is shown to be competitive when compared
to a commercial compiler from Intel.

1 Introduction

OpenMP has during the last few years gained considerable acceptance
as the shared memory programming model of choice. OpenMP is an
industry standard and utilizes a fork-join programming model based on
compiler directives [14, 15].

The directives are used by the programmer to instruct an OpenMP
aware compiler to transform the program into a parallel program. In
addition to the directives, OpenMP also specifies a number of run-time
library functions.

To use OpenMP, an OpenMP aware compilation system is thus
needed. The compilation system generally consists of a compiler and
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an OpenMP run-time library. The library is not only used to handle the
run-time library functions as defined by the OpenMP specification but
also to aid the compiler with a number of functions that efficiently
spawns threads, synchronize threads, and help share work between
threads.

In this paper, an open source OpenMP run-time library, called
Balder, is presented which is capable of fully handling OpenMP 2.0
including nested parallelism [15]. The library is capable of handling
single SMPs efficiently as well as clusters of SMPs making it possible
to do research on extensions to the OpenMP specification both in the
areas of SMP centric and cluster centric extensions. A compiler, called
OdinMP, targeting the library is already readily available [7, 10]. A
more detailed description of the transformations OdinMP transforms is
available at OdinMP’s homepage [10]. I will not discuss the API of
Balder in detail in this paper and instead I refer the interested reader to
the aforementioned website.

The source code of the library is not currently openly available
although it will be released soon under a very liberal license. The
library is highly portable and there are currently ports available to sev-
eral processor architectures such as x86 and ARM and to several dif-
ferent operating systems such as several different Unix variants and
Windows versions. Balder is currently at version 0.105.1.

The rest of the paper is organized as follows. Section 2 provides a
brief overview of the library while section 3 provides information of
the sub-libraries that Balder builds on. Section 4 describes the
OpenMP run-time itself and presents some details on the implementa-
tion of important primitives while section 5 discussed work-in-
progress and future features for the Balder run-time. Experimental
results are presented in section 6. The paper is summarized in section
7.

2 Overview of the run-time library

The run-time library is implemented in ANSI C [5] and provides the
following functionality:

• Full implementation of all OpenMP 2.0 intrinsic functions, i.e., the
run-time library functions described by the specification.
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• Efficient handling of threads such as thread creation, and thread
synchronization.

• Parallel for-loop primitives to aid the compiler when transforming
work sharing constructs.

• Support for OpenMP’s threadprivate variables.
• Support for OpenMP’s copyprivate clause.
• A built-in software DSM system to achieve a shared address space

on a cluster.
• Memory management for the shared address space.
• Support for shared stack storage.

The library builds on previous experience [7, 8]. It is designed to be
highly portable and to achieve portability it is designed as a layered
system, see figure 1. Most of the functionality outlined in a previous
paper is implemented [9].

The library utilizes three sub libraries: Balder Threads, Balder
Oslib, and Balder Messages. These libraries provides thread services,
operating system services, and cluster messaging services respectively.

The software DSM system and OpenMP run-time library is then
implemented on top of the sub-libraries making it possible to imple-
ment the run-time in ordinary ANSI C without any dependencies on
processor architecture or operating system features. In essence, this
means that porting Balder is a matter of porting the well-defined prim-

Figure 1: Overview of the design of the Balder library.
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itives in the three sub-libraries and I will now continue with a descrip-
tion of the run-time sub-libraries.

3 The Balder sub-libraries

The three sub-libraries are instrumental in achieving a high degree of
functionality and portability. A layered design approach has, whenever
possible, been used even in the sub-libraries to aid porting efforts.

3.1 Balder Messages
Balder Messages is a packet-based, network technology independent
messaging library with support for prioritized communication [9, 11].
The transmission and reception primitives use a data format based on
linked lists for the packets. This facilitates scatter-gather I/O. It is pos-
sible to allocate memory for packets in network hardware buffers so as
to achieve zero-copy communication.

There exists primitives for both synchronous and asynchronous
communication as well as active message communication [3].

The library is divided into several parts. One part handles the con-
struction of packets as linked lists. Another one handles flow control
and queuing of packets and the last one is the network back-end. There
exist network back-ends for UDP and MPI [13]. Back-ends with partial
support for Myrinet, LAPI, and Sys V’s shared memory primitives
exist [1].

3.2 Balder Oslib
Balder relies heavily on the virtual memory management system of the
operating system. The virtual memory systems of different operating
systems are, however, quite different from each other. The Balder
Oslib sub-library acts as a virtualization layer and provides an operat-
ing system independent API. There is support for:

• Creation of a virtual memory region which is guaranteed to be at the
same address range on all cluster nodes.

• Setting of access permissions on individual virtual memory pages.
• Catching of page-faults or similar exceptions.
• Timers and timing management.
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In addition, Balder Oslib implements a registry under which arbi-
trary data structures can be filed using strings as keys. This registry is
used to store global system options and data structures and is instru-
mental in making it possible to modulize Balder properly without
being hampered by artificial cross-module dependencies.

The Oslib is the sub-library which is the least layered. This is
largely due to the virtual memory systems differing so much between
operating systems. The Windows port, for instance, requires a com-
pletely different implementation than Unixes and cannot share any
code with other ports.

3.3 Balder Threads
Balder Threads provides an efficient processor architecture indepen-
dent multithreading API. Balder Threads has primitives for:

• Thread creation and destruction.
• Thread synchronization using monitors, monitor signals, and barri-

ers.
• Work queues.
• Stack frame creation so that arbitrary function can be called.

Balder Threads uses a system of assembly macros that describes the
processor architecture. When porting to a new processor architecture is
most cases only needed to change the assembly macros to complete a
port.

The assembly macros describe how a function stack frame is orga-
nized, how functions are called, i.e., which parameters are passed on
the stack and which are passed in registers, and provide implementa-
tions for important low-level primitives. Balder Thread uses pthreads
as underlying thread library but implements efficient synchronization
primitives using the mentioned low-level primitives [4]. The primitives
used by Balder Threads are test-and-set, fetch-and-add, and a memory
fence operation if required by the memory consistency model. In the
absence of a required primitive, in the form of macros, Balder Threads
will first revert to an implementation which only uses test-and-set and
then, if no test-and-set primitive is provided, to pthreads.

Using this scheme of portable synchronization primitives based on
low-level assembly macros, Balder Threads is able to achieve a syn-
chronization overhead close to an order of magnitude less than
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pthreads. The synchronization primitives are generally based on test-
test-and-set with a time-out so as to avoid excessive busy wait.

Balder Threads only provides primitives which can be used by
threads running on the same cluster node. The OpenMP run-time layer
provides primitives which can be used across cluster nodes.

4 Software DSM system and OpenMP run-time
library

The OpenMP run-time library is built on-top of the sub-libraries and
can thus be written completely architecture independent. It provides
support for a shared address space on-top of a cluster via a software
DSM system, and support for high-level OpenMP primitives as out-
lined in section 2.

The software DSM system uses the virtual memory management
system to provide a shared address space, on a cluster, which acts as a
shared memory. The system does not rely on any particular hardware
except a decent virtual memory system and a network interconnect sys-
tem.

In Balder, the software DSM system is built on-top of Balder Oslib
and Balder Messages. The software DSM system uses home-based
lazy release consistency, HLRC [18]. The reason for using HLRC is
HLRC robustness and relative simplicity. Special features of the
HLRC variant used in Balder will be discussed when discussing the
support functions for OpenMP.

As mentioned in section 2, the OpenMP run-time library provides a
number of primitives in different areas of functionality. I will now go
through these areas and provide and overview of the functionality pro-
vided and how the implementation is done.

4.1 Parallel regions
OpenMP is a fork-join programming model and the basis of parallel-
ism are parallel regions as defined by compiler directives. The com-
piler will transform each parallel region into a function which is then
executed in parallel by a number of threads. The compiler then inserts
a call to a run-time library function, which handles creation of threads
and execution of the function, into the program. The run-time library
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function is the basis for parallelism and is called
in__tone_spawnparallel.

Balder uses a pool of threads to avoid excessive and time consum-
ing thread creation and destruction operations. Threads are never
destroyed and are only created when no threads are left in the pool. All
threads in the thread pool wait on a work queue as provided by Balder
Threads.

Internally the implementation of in__tone_spawnparallel is straight-
forward. It merely performs book-keeping, adds work to the thread
pool’s work queue, and then waits for the threads to finish executing
the function. After finishing, the spawned threads returns to the thread
pool and can be reused in other parallel regions.

Each cluster node has its own thread pool and so message passing is
used to hand out work when running on a cluster. The cluster code also
make use of an limitation to simplify the message passing. Balder does
not allow nested parallelism when running on a cluster. All nested par-
allel regions are serialized yielding one level of parallelism. This is
allowed by the OpenMP specification and does not break OpenMP
compliance. Balder does, however, fully support nested parallelism
when running on one single SMP node.

The limitation is used to simplify the message passing and the mem-
ory coherence protocol.

4.2 Lock functions
The OpenMP specification describes a number of lock functions as
run-time library functions. To handle these function, a set of distributed
lock primitives have been implemented on top of Balder Threads and
Balder Messages. The lock primitives are un-fair in the sense that if a
lock is held on a cluster node, the threads on that node get precedence
over other threads when setting the lock. This reduces the network
activity and the latency in the case of lock contention [16].

Intra-node synchronization is performed with Balder Thread primi-
tives while inter-node synchronization is performed with message
passing.

The lock primitives revert back to the efficient primitives in the
Balder Thread sub-library, if the system is running on one single node,
thus avoiding the overhead of the distributed lock algorithm.
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4.3 Barriers
The threads executing a specific parallel region forms a thread team.
The threads in a thread team can synchronize with a barrier. The
OpenMP run-time provides a function for barrier synchronization.

Inter-node barriers are performed in two phases. First there is an
intra-node barrier as provided by Balder Threads. After all threads
internal to a node are synchronized, message passing takes place which
synchronizes all the nodes to each other using a centralized barrier
algorithm.

The barrier operation is an operation with particularly high over-
head on clusters. The overhead, is however, overlapped with memory
coherence operations so as to not waste CPU resources.

As in the previous section, no message passing or memory coher-
ence activities are performed when only one cluster node is used.

4.4 Worksharing primitives
The worksharing constructs in OpenMP can all be mapped onto paral-
lel for-loops and so Balder only provides support for such loops. The
primitives essentially split a range of iterations into smaller pieces
which then are executed in parallel by different threads.

It is, when running on one single cluster node, straight-forward to
implement such primitives and in Balder the fetch-and-add primitive as
provided by the Balder Thread assembly macros is used, if available, to
minimize thread synchronization.

A cluster implementation is, however, much more complicated and
easily leads to excessive message passing. A trick is used to reduce the
message passing. The entire iteration space is first divided statically
among the cluster nodes so that each cluster node receives a piece of
the iteration space proportional to the number of threads, taking part of
the parallel for-loop, that are executing on the node. These smaller
pieces are then divided and handed out to the threads. This way no
message passing is needed to implement parallel for-loops at the
expense of potentially worse load imbalance. Load balancing algo-
rithms, to reduce any load imbalance, are planned but not implemented

I believe this trick to be OpenMP compliant as the statical assign-
ment of iterations performed follows all rules for the scheduling of for-
loops stated in the OpenMP specification.
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4.5 Advanced data clauses
The OpenMP specification defines several data clauses which describe
how different variables are handled. One such data clause is the thread-
private data clause which defines a variable to be private to a thread
and keep its value between parallel regions. Such variables are called
threadprivate variables. This essentially means that the threadprivate
variables cannot be stored on the stack but must be associated with the
threads themselves.

The run-time provides, for this, a thread local storage space and two
primitives to access the storage space. One primitive is used to allocate
and initialize space and another is used to retrieve a pointer to the
space.

The compiler generates code which at startup, and using the first
primitive, defines the thread local storage. The storage space is, how-
ever, not allocated or initialized until it is used.

All accesses to threadprivate variables are changed by the compiler
so that the pointer to the storage space is retrieved using the second
primitive and all accesses are performed relative to that pointer. Allo-
cation and initialization of the storage space will be performed before
the pointer is returned if no space has been allocated for the thread.

Another data clause is the copyprivate data clause. It makes it possi-
ble to broadcast the value of a variable private to a thread to the other
threads in the same thread team. The copyprivate clause has been
added in the second revision of the OpenMP specification to aid pro-
gramming of applications utilizing nested parallelism.

A set of primitives has been added to the run-time library to imple-
ment the copyprivate data clause. These primitives makes it possible
for the broadcasting thread to send a variable via the run-time library to
receiving threads and then wait for the receiving threads to properly
receive the variable. For efficiency, the primitives are devised so that
several variables can be sent and received after each other.

Naturally, message passing is used for inter cluster node broadcasts.

4.6 Handling of shared memory
The software DSM system is providing a shared address space across
the cluster which can be accessed as a shared memory. To manage this
address space, the run-time library provides memory allocation and de-
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allocation functions similar to ANSI C’s malloc and free [5]. These are
used instead of malloc and free when running on a cluster. The soft-
ware DSM system is inactive when running on a single node, i.e., a
single SMP, and so the normal heap as provided by the operation sys-
tem is used.

A few advanced code transformations are required to run OpenMP
applications on clusters. The transformations involve the handling of
shared global variables and shared stack variables. The OdinMP com-
piler performs these transformations if instructed to do so through a
command line option. The default is to not perform the transformations
as they are not needed when generating code for SMPs.

Shared global variables must be allocated in the shared address
space when running on a cluster. The OdinMP compiler can emit code
to do the allocation and it also transforms declarations of, and accesses
to, shared variables so that shared variables are accessed through point-
ers pointing to allocated memory regions in the shared address space.

In OpenMP, variables located on a thread’s stack can also be shared.
This can occur if a parallel region is started. The thread that starts the
parallel region, i.e., executes the in__tone_spawnparallel primitive, is
called the master thread. Variables on the master thread’s stack can be
shared among the threads in the spawned thread team.

Balder handles this by implementing one single shared stack located
in the shared address space. One stack is enough as, on clusters, only
one level of parallelism is allowed which means that only the thread
that executes the serial portions of the OpenMP application can spawn
parallelism.

The OdinMP compiler can transform the application code to make
use of the stack. It changes how variables are allocated so that the
potentially shared variables are allocated on the shared stack and it
inserts code that builds stack frames on, and removes them from, the
shared stack upon entry and exit from functions respectively.

One shared variable is in the example in figure 2. The example is
simplified for brevity.

The transformed code is, albeit simplified, presented in figure 3.
The code inserted by the OdinMP is very much similar to what a

compiler emits for function entry and exit to build and remove stack
frames. One thing differing is, however, the checks to see if the func-
tion is being called from a serial or parallel region of the code. This is
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necessary as the shared stack must only be used from a serial portion of
the code. A frame pointer is inserted as a local variable and used for
accessing the shared variable.

In OpenMP, the flush directive is used to enforce consistency. The
flush directive is a memory fence operation that controls when memory
updates are conveyed and when memory operations is performed.

You must, essentially, insert a flush directive before any shared vari-
able that could have been updated by another thread and you must
insert a flush directive after an update if you want that update to be
conveyed to other threads. Quite a few directives such as barrier direc-
tives have implied flush directives and this reduced the need to insert
extra flush directives. The OpenMP directives are defined so that extra
flush directives are only needed some very special cases such when
implementing thread synchronization not using the OpenMP synchro-
nization primitives.

The semantics of the flush directive is implemented in Balder just
like in an earlier prototype [8]. A special distributed lock is used. The
lock is not accessible from the OpenMP application but is handled just
like any other OpenMP lock. A flush directive consists of a set of the
lock followed by a release. Information on memory updates are piggy-
backed onto the lock. When setting the lock, the received information
is used to invalidate memory contents so as to drive coherency. The
received update information is merged with information on locally per-
formed memory updates and then sent with the lock when the lock is
released to a remote node.

The implied flush directives can and are in most cases optimized.
The barrier directive, as an example, has an implied flush directive but

Figure 2: An example with a shared variable.

void f(void)
{

int shared_variable; /* The shared variable */

shared_variable=5; /* The shared variable is accessed. */
}
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Figure 3: Transformed example with shared variable.

void f(void )
{

struct in__tone_c_dt0
{

int shared_variable;
}; /* The declaration of the stack frame which

is used on the shared stack. */

/* The shared stack must only be used in the serial portions of
the code. The declaration below makes space on the thread’s
stack to be used in parallel regions. */

struct in__tone_c_dt0 in__tone_c_dt0;

/* The variable below is true when executing in a parallel region.
in__tone_in_parallel() is a run-time library call that returns 1
iff the calling thread is executing in a parallel region. */

const int in__tone_sdsm_in_parallel=in__tone_in_parallel();

/* The declaration below is for the frame pointer. The frame pointer
is set to either the shared stack or the stack frame on the thread’s
stack. */

struct in__tone_c_dt0 * const
in__tone_sdsm_i_framep=in__tone_sdsm_in_parallel ?

&in__tone_c_dt0 :
/* The shared stack pointer is called in__tone_sdsm_stackptr.

It is below subtracted to make space for a new frame. This
piece of code will only be executed if executing in a serial
portion of the code.*/

(struct in__tone_c_dt0 * const ) (in__tone_sdsm_stackptr=
in__tone_sdsm_stackptr-sizeof(struct in__tone_c_dt0 ));

/* Below is the access to the shared_variable. It is now done through
the frame pointer. */

in__tone_sdsm_i_framep->in__tone_c_dt0.shared_variable=5;

/* When leaving the function, either at the end of the function or
with return, the shared stack pointer must be updated so as to
remove the frame if executing in a serial portion of the code. The
code below does that. */

if (!in__tone_sdsm_in_parallel)
in__tone_sdsm_stackptr=

in__tone_sdsm_stackptr+sizeof(struct in__tone_c_dt0 );
}
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the coherency information is piggy-backed on the barrier message
passing thus removing the use of the special lock mentioned above.

4.7 OpenMP intrinsic functions
All the OpenMP 2.0 intrinsic functions are implemented in Balder. The
implementation is rather straight-forward and mainly involves inquir-
ing or updating the internal state of the run-time library.

5 Advanced features

Balder has a few planned features currently under implementation.
Apart from prefetch and producer-push [6, 12], two more advanced
features are under implementation as outlined in the next few sections.

5.1 A compiler supported hybrid fine-grain/coarse-
grain Software DSM system
The OdinMP compiler can gather information from the source code of
OpenMP applications which can be used to further optimize the perfor-
mance of said applications on Balder. This can be used to insert coher-
ency checks into the compiler output so as to reduce the granularity of
the coherency while still being able to fall back on a page-based sys-
tem.

In short this means that whenever a shared variable can potentially
be accessed the compiler needs to make sure that there is code inserted,
prior to the access, which makes sure the shared variable is cached
locally. The key point here is that only the shared variable itself, and
not necessarily the virtual memory pages on which the variable is
located, has to be locally cached. This greatly reduces the latency of
remotely requesting shared data and also reduce the average memory
access latency of shared variables thus increasing the performance, i.e.,
reducing the execution time, of applications running on the Software
DSM system provided the overhead of the inserted coherency checks is
small enough.

OdinMP is being augmented to insert the mentioned coherency
checks and two primitives is being added to Balder. The coherency
checks are based on a check-in/check-out schemed where a piece of
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shared address space is requested and then later returned. Prototypes
for the two primitives are:

void *in__tone_sdsm_checkout_memory(void *shared_address,
unsigned int length);

void in__tone_sdsm_commit_memory(void *shared_address,
void *local_address,
unsigned int length);

The in__tone_sdsm_checkout_memory function is used to request
an up-to-date version of a memory region. The memory region is
defined by the parameters shared_address which is the shared address
to the region and length which is the length in bytes of the region. The
primitive returns a pointer to a copy of the memory region.

The in__tone_sdsm_commit_memory primitive is used to hand a
previously requested copy back to the system and commit changes. It
takes as parameters the shared address in shared_address, the pointer to
the copy of the region in local_address, and the length of the region in
length.

5.2 Sharing pattern hints to improve communication
performance
It has been shown that the performance of applications running on soft-
ware DSM systems can be greatly enhanced by using a small number
of explicit message passing operations [17].

An extension to OpenMP is being worked on which adds message
passing operations to the C variant of OpenMP in the form of added
directives. These directives do not directly correspond to message
passing operations but rather reflects the communication of shared data
in the application as estimated by the programmer. The programmer
describes via the directives how shared data is shared between threads.
The proposed directives is then used by OdinMP to insert code, into
the generated code for an application, that perform message passing or
to efficiently distribute data structures among nodes. The directives aid
the coherency protocols in Balder so that data can be moved before
data is accessed and thus reducing the time it would take to remotely
request data yielding to reduced application execution time due to
reduced overhead of shared memory accesses.
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The most common worksharing construct in OpenMP is a parallel
for loop and the proposed directives builds on that construct. This
means that the programmer can use a notion of iteration variables when
describing the shared data.

Planned directives have support for:

• Broadcast operations which sends the same data from the master
thread to all the other threads. See example in figure 4.

• Scatted and gather operations which splits up and sends data from
and to the master thread. This models the case where a single thread
acts as a master to several slaves and hands out work and to the
slaves and later collects the data. See figure 5 for an example.

• All-to-all operations where a data structure which has been updated
by several threads in parallel is broadcast to all threads. See exam-
ple in figure 6.
The directives are planned to be processed by OdinMP which will

insert run-time library calls so as to add attributes to the parallel for
loops. These attributes are then used by the run-time library when cre-
ating parallel regions and distributing parallel loops to give hints to the
coherency protocol about data sharing patterns and also possibly per-
form message passing. The directives are a complement to producer-
push techniques [12].

int i;
/ * i is a shared variable. */
#pragma ompd broadcast(i)

/* This is a directive specifying a broadcast of i to all other threads */
#pragma omp parallel for

/* This OpenMP directive indicates the start of a parallel for loop and
a parallel region and threads will thus be spawn. Here the shared
variable i can be broadcast so that all threads can access a cached
copy */

for (j=0; j<MAX; j++)
foo(i);

Figure 4: Example with the broadcast directive.
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6 Experimental results

Some experiments have been conducted so as to evaluate the perfor-
mance of Balder. These experiments are not exhaustive but they do
give an indication of Balder’s performance. The cluster parts of Balder
are not evaluated as they are being tested and are not ready to be evalu-
ated yet.

A dual Pentium-III workstation running Linux version 2.4.25 was
used as experimental platform. The processors were running at a clock
rate of 1 GHz.

The EPCC micro-benchmark suite was used in the experiments [2].
The EPPC micro-benchmark suite is a set of benchmarks which mea-

Figure 5: Example with the scatter and gather directives.

int i[MAX];
/* i is a shared variable. */

#pragma ompd scatter(i,1,0)
/* This is a directive suggesting i to be scattered among the threads.

The first parameter is the array to be scattered. The second
parameter is the number of records being used in each iteration, i.e.,
the number 1 means here that each iteration in the for loop uses one
record. The third parameter describes which record is being used by
iteration 0, i.e., the number 0 means that iteration 0 will use array
record 0. This means leads to i[0] being sent to the thread executing
iteration 0 i [1] to the thread executing iteration 1 and so on.*/

#pragma ompd post gather(i,1,0)
/* This directive is instructing i to be gathered from the threads after

the for loop. The numbers are the sameas for scatter. After the for
loop is executed i[1] is sent from the thread executing iteration 1
to the master thread, i[2] is sent from the thread executing iteration
2 and so on. */

#pragma omp for
/* This OpenMP directive indicates the start of a for loop inside a

parallel region, i.e., threads have already been spawn. Here the
shared variable i is split among the threads so that again each
thread can access a cached copy. */

for (j=0; j<MAX; j++)
i[j]=i[j]+foo();
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sure the overhead of individual OpenMP constructs and thus also the
run-time library. The benchmarks were compiled with OdinMP version
0.284.1 and GCC 3.3.4. The Balder library version 0.105.1 was used
and was also compiled with GCC 3.3.4.

For comparison, the same set of benchmarks were compiled with
the Intel C/C++ compiler version 8.0 and run on the experimental plat-
form. The Intel compiler supports C/C++. The Balder library cannot
currently be compiled with the Intel compiler. The highest available
optimization level was used in both compilation systems.

The overheads in microseconds for the most common OpenMP con-
structs are summarized in table 1. The overheads are presented with
their 95% confidence interval.

The overheads in the first three rows are for one single parallel
region, parallel for-loop, and barrier respectively. The lock and unlock
primitives row is the overhead of setting and then releasing a single lock
once.

Figure 6: Example with alltoall directive.

int i[MAX], k[MAX];
/* i and k are shared variables */

#pragma ompd post alltoall(i,1,0)
/* The alltoall directive uses the same “parameters” as scatter and

gather. Here the parameters describes which part of the array that
has been updated in which iterations. Here i[0] is updated in iteration
0, i [1] in iteration 1 and so on. */

#pragma omp for
/* OpenMP directive which indicates the start of a for loop inside a

parallel region, i.e., threads have already been spawn. Here the
shared variable i is updated by all threads in parallel. */

for (j=0; j<MAX; j++)
i[j]=foo();

/* After the loop, parts of i are broadcast by the thread that updated the
respective part. In this case, i[0] is broadcast by the thread executing
iteration 0, i[1] is broadcast by the thread executing iteration 1 and so
on. */

for (j=0; j<MAX; j++)
k[j]=foo(i);

/* here all threads have already received i and can act on a cached copy */
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The overheads of the primitives in the Balder library are very com-
petitive for barrier and lock synchronization. The overhead of parallel
for loops are much higher for the Balder run-time. The reason for this
is the fact that OdinMP is a source-to-source compiler and cannot do
aggressive optimizations of the parallel for-loops as the Intel compiler
can as it is compiling to object code.

The overhead of parallel regions are also higher for the Balder run-
time. One contributing factor is the transformation of parallel regions
as outlined in section 4.1. The functions created out of the parallel
regions by the OdinMP compiler can take arguments. These arguments
are managed by the in__tone_spawnparallel run-time primitive. The
arguments are copied once more than actually needed on an SMP dur-
ing the handling of the arguments and the creation of stack frames per-
formed in the run-time library. The extra copying performed is,
however, necessary when running on clusters. It is, though, being
investigated to see if it can be removed in future versions of Balder.

The differences in overheads between code generated by the Intel
compiler and the OdinMP/Balder combination is very small. The over-
heads are in the same range as found in a previous study [7]. It was
found in the same study that differences in overheads these small is
unlikely to influence end performance of OpenMP applications. The
overheads measured thus suggests that Balder paired with OdinMP
should be very competitive to commercial compilation systems.

Table 1: Overheads in microseconds of common OpenMP
constructs.

OpenMP Construct Intel compiler
Balder with

OdinMP

Parallel construct 1.43 +/- 0.11 2.91 +/- 0.15

For construct 0.79 +/- 0.17 2.93 +/- 0.30

Barrier construct 0.48 +/- 0.19 0.49 +/- 0.12

Lock and unlock primitives 0.48 +/- 0.33 0.47 +/- 0.12
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7 Summary

This paper provides an overview of the current status of the Balder,
OpenMP run-time library. The organization of the library is presented
and the functionality and design of the different modules are described.
Some selected parts of the implementation are discussed. Planned
future and work in progress for the Balder library and the OdinMP
compiler is presented. Some experimental data is presented which
shows the Balder library to be competitive when compared to a com-
mercial OpenMP compiler.
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