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Abstract

FDSM, a software distributed shared memory system,
has been designed and implemented to run OpenMP pro-
grams on distributed memory computers. FDSM inspects
the access pattern of an application at the first iteration of
a loop and figures out the communication pattern. FDSM
is implemented on both IA-32 and IA-64 architectures and
evaluated using the CG benchmark in the NAS parallel
benchmarks. The result shows FDSM performs better than
another SDSM system called SCASH.

1 Introduction

OpenMP programs run on the distributed memory paral-
lel computers by using the software distributed shared mem-
ory(SDSM) system[5]. It is known that the performance of
SDSM is limited because of the heavy overhead to maintain
the coherence of the shared region.

FDSM[6] is the SDSM system for the applications that
use loops. Many scientific applications use loops and some
of those access the shared region with a fixed pattern.
FDSM targets such applications. FDSM obtains the ac-
cess pattern to the shared region at the first iteration of a
loop. By using this access pattern, the communication pat-
tern is determined and it is used after the second iteration.
If the communication pattern is the same in every iteration,
the overhead to determine the communication pattern is re-
duced.

FDSM assumes the Omni/OpenMP compiler environ-
ment. A code generated by the Omni/OpenMP compiler
runs on FDSM.

We have proposed the method to inspect the access pat-
tern on the IA-32 architecture in [6]. This paper proposes
the new method to get the access pattern on the IA-64 ar-
chitecture using its debug facilities.

FDSM is evaluated using the CG benchmark program in

the NAS Parallel Benchmarks on the IA-32 and IA-64 ar-
chitectures. The result shows FDSM is faster than another
software distributed shared memory system called SCASH
on the IA-32 architecture. The result also shows FDSM
performs almost same as the MPI version on the IA-64 ar-
chitecture.

2 Target Applications

FDSM requires the applications to meet the following
three conditions. The first condition is that the applica-
tions on FDSM must access the shared memory region with
the fixed pattern. The second condition is that applications
must explicitly declare the access to the shared memory re-
gion before they actually access the shared region if each
process accesses the different variables by this access. The
third condition is that applications must call the barrier op-
erations when a memory barrier is required.

FDSM is designed to run the scientific applications on it.
Scientific applications tend to use loops especially if they
adopt iterative methods. Some of such applications access
the shared memory region with the fixed pattern in each it-
eration of the loop, which meets the first condition.

It is the programmers’ role to guarantee that the applica-
tion meets the first condition. The second and third condi-
tions are automatically satisfied by the Omni/OpenMP com-
piler as shown in the next section.

3 OpenMP programs on FDSM

3.1 Compilation

FDSM uses the Omni/OpenMP compiler to translate
an OpenMP program to a normal C language source pro-
gram. Omni/OpenMP compiler generates a source code for
the SCASH[3] distributed shared memory system. When
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/* The access pattern is fixed in the outer loop */
for (i = 0; i < IMAX; i++) {
#pragma omp for
for (j = 1; j <= JMAX; j++){
z[j] = z[j] + alpha * p[j];
r[j] = r[j] - alpha * q[j];

}
}

Figure 1. OpenMP source

/* The access pattern is fixed in the outer loop */
for (i = 0; i < IMAX; i++) {
{
auto int j_41; auto int j_42; auto int j_43;
(j_41)=(1);
(j_42)=(JMAX+(1));
(j_43)=(1);
_ompc_default_sched(&j_41,&j_42,&j_43);
for((j)=(j_41);(j)<(j_42);(j)+=(j_43)){

(*((z)+(j)))=((*((z)+(j)))+((*__G__L_alpha_4)*(*((p)+(j)))));
(*((r)+(j)))=((*((r)+(j)))-((*__G__L_alpha_4)*(*((q)+(j)))));

}
}
_ompc_barrier();

} /* end i loop */

Figure 2. Converted OpenMP program

Omni converts an OpenMP program for SCASH, it relo-
cates global variables to the shared region and parallelizes
loops as indicated by the OpenMP directives. Figures 1
and 2 show an example of the source translation by the
Omni/OpenMP compiler. Figure 1 is the original source
program and Figure 2 is the translated code for SCASH.

As shown in Figure 2, the code generated by the
Omni/OpenMP compiler does not directly call the SCASH
API functions. For example, when the barrier operation
is required, it calls ompc barrier instead of the SCASH
API function. This means that the program generated by
the Omni/OpenMP compiler runs on FDSM if the FDSM
dedicated run-time library is linked. No modification of the
Omni/OpenMP compiler is required.

Let us confirm that the source code shown in Figure 2
satisfies the conditions described in Section 2. Shared mem-
ory is accessed in the inner loop and the accessed region
does not depend on the loop variable of the outer loop, i.e.
the variable i. This means the access pattern is fixed in
each iteration of the outer loop. So, the first condition is
met. The second condition is satisfied because the function
ompc default sched indicates the beginning of the shared

access. Although the original role of this function is to
schedule the execution of the loop to share the work among
the processes, this function may be used to tell the FDSM
run-time library that the shared access begins. The third
condition is satisfied because the function ompc barrier
is called to perform the barrier operation.

3.2 Overview of FDSM

This section describes how FDSM provides a virtual
shared memory system. The basic idea of FDSM is shown
in Figure 3. In the first iteration of a loop, FDSM obtains the
access pattern of the applications and figures out the com-
munication pattern as shown in Figure 3 (a). We call this
execution the inspection mode.

In the rest of iterations, the communication is performed
directly from the writers to the readers using the communi-
cation pattern obtained in the inspection mode as shown in
Figure 3 (b). We call this type of execution the fast execu-
tion mode.

Let us define a term access block for the later discussion.
The access block means a part of program where the each



     51

Process 0

Process 1

Write

Read

First phase

Write

Read

Memory Barrier

Obtain the access pattern Optimzed
communication

(a) (b)

Figure 3. The idea of FDSM

process accesses to the assigned area of the shared region,
i.e. the work is shared among the processes. In the example
in Figure 2, the part between the ompc default sched and
ompc barrier forms a access block.

3.3 Inspection Mode

In the inspection mode, FDSM inspects the access pat-
tern to the shared region. At the same time, FDSM provides
the shared memory space with a home-based mechanism.
In this mode, the application not only inspects the access
pattern but also performs the normal calculations.

3.3.1 Access Pattern Inspection

In order to obtain the accurate communication pattern, the
access pattern of the write access must be obtained with the
1-byte granularity. So, FDSM obtains the access pattern
with this granularity. In order to reduce the read page faults,
FDSM obtains the read access pattern with the page-size
granularity. Unlike the write access, the 1-byte granularity
is not necessity because even if FDSM judges a shared vari-
able to be read but it is not actually read, this does not affect
the correctness of the execution. We have already proposed
the method to employ the page protection mechanism to get
the access pattern in [6]. The overview of this method is as
follows.

1. All the pages are made write protected.

2. When the application tends to write to the shared re-
gion, the page fault exception occurs.

3. The page fault handler records the accessed address
and emulates the the instruction causing the page fault.

4. The execution is continued from the next instruction
that caused the page fault.

Access Pattern Inspection on IA-64

On the IA-64 architecture, the access pattern may be ob-
tained with more sophisticated way by using the facilities

to debug programs. Some modern architectures including
IA64 provide provide data break points. This break point
is set by the debugger on a memory address. The differ-
ence between a normal break point and a data break point is
that a data break point is set on the memory address which
contains data, not an instruction. When the application pro-
gram loads from or stores to a memory region specified by
the data break point, the debug exception occurs.

The IA-64 architecture provides the advanced data break
point. On this architecture, the data break point may be
not only a single address but also the continuous memory
region. Using this debugging facility, FDSM obtains the
access pattern in the following way:

1. The whole shared region is set to the data break point.

2. When the application accesses the shared region, the
debug exception occurs.

3. The exception handler records the accessed address.

As shown above, FDSM needs not emulate the instruc-
tion that caused the debug exception. on the IA-64 archi-
tecture, while FDSM must emulate it on the IA-32 archi-
tecture. This difference comes from the difference of the
kind of the exception. As for the page fault, the exception
handler must remove the cause of the exception. After the
execution of the exception handler finished, the instruction
which caused the exception is re-executed and it should suc-
ceed. So, the page fault handler must remove the write pro-
tection of the pages on FDSM. But if FDSM does so, the
future access to this page will not cause the exception and
the access pattern cannot be obtained with the 1-byte granu-
larity. This is because FDSM must emulate the instruction.

On the other hand, the debug facility provides the way to
recover from the debug exceptions. In the debug exception
rule, the instruction at the exception point is executed with-
out more exception after returning from the debug exception
handler. Because of this rule, FDSM needs not emulate the
instruction.

3.3.2 Shared Memory Space in Inspection Mode

While FDSM inspects the access pattern of the application,
it provides the shared memory region at the same time. This
enables the application to perform the normal computation
in the inspection mode.

Because all the access blocks are executed with the in-
spection mode when it is executed at the first time, FDSM
knows the access pattern of all the previous executed access
blocks. FDSM also records the time when a access block is
executed. FDSM is able to compute the latest writer node
of any shared area at any point of the execution. Figure 4
shows an example of this computation.
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Figure 4. Calculation of the latest writer

At the beginning of the inspection mode, FDSM calcu-
lates the latest writer of each shared area and notifies the
writer to send the latest value to the home node. Each shared
area has one home node and it may be arbitrary chosen. In
the current implementation of FDSM, the home node is de-
termined using the round-robin fashion.

During the execution of an access block, the exceptions
are raised to inspect the access pattern. While the excep-
tion handler records the accessed address, it copies the lat-
est value from the home node. So, the user process correctly
read the shared value.

3.4 Fast Execution Mode

In the fast execution mode, all the communication re-
quired to keep the coherence is performed at the beginning
of each access block. FDSM knows the access pattern of
all the previous executed access blocks and it also knows
the access pattern of the next access block. So, FDSM is
able to find out the required communication pattern so that
the coming shared read may return the correct value. The
communication pattern is decided as follows:

1. The latest writer of each shared area is computed.

2. The latest writer and the area which will be read in
the next access block is compared. Communication
is required in the area where its writer and reader is
different.

Once the communication pattern is determined, this pattern
may be used later when the same access block is executed
again.

In the fast execution mode, no exception occurs during
the execution of the user application. The overhead to main-
tain the memory consistency is only the time for communi-
cation.

3.5 Shared Access Outside of the Access Block

Applications may access the shared region outside of an
access block. We define such a section as semi access block,
which corresponds to a part of program outside of “omp
for”. In the semi access block, as for the write access, all
the processes concurrently write to the same address and it
should be the same value. So, the memory consistency is
automatically kept. As for the read access, all the previous
written value must be read. So, FDSM obtains the read ac-
cess pattern in the inspection mode and maintains the mem-
ory consistency in the same way as the normal access block.

4 Implementation Issues

4.1 IA-32

The IA-32 version of FDSM is implemented on the
Linux kernel 2.4.21. This version of FDSM uses the page
fault exception to obtain the access pattern in the inspection
mode. Although the access pattern inspector may be imple-
mented as the signal handler in the user space, we have im-
plemented it in the kernel to reduce the overhead of the con-
text switch. So, the page fault handler in the Linux kernel is
modified. The instruction emulator is also implemented in
the kernel.

The user level library of FDSM has two roles. One is
to provide the application programming interfaces shown in
Table 1. Another is to figure out the communication patterns
in the fast execution mode.

FDSM runs on the SCore Cluster System Software[8].
PM/Myrinet[9] is used as the communication library.

Table 1. Provided API’s

fdsm init Initializes FDSM
fdsm finalize Finalizes FDSM
fdsm alloc Allocates the shared region
fdsm free Frees the shared region
fdsm before loop Tells FDSM the shared area

will be accessed
fdsm after loop Performs Barrier
fdsm lock Acquires a lock
fdsm unlock Releases a lock
fdsm reduce Performs a reduction operation

4.2 IA-64

The IA-64 version of FDSM is also implemented on
Linux 2.4.21. This version of FDSM uses the debug facility
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Table 2. Specification of the PC Cluster
IA-32 IA-64

# of nodes 8 4
CPU Xeon 2.8GHz Itanium2 1.3GHz
Cache 512KB L2 3MB L2
Chipset Intel E7501
Memory 2Gbtes 2GB
Network Myrinet 1.25Gbps Myrinet 2.5Gbps

Lanai 4.3 Lanai 9.2
SAN cable SAN cable

to get the access pattern. In order to use this facility, the de-
bug registers must be correctly accessed. An IA-64 proces-
sor has at least 4 pairs of debug registers used to set the data
break points. One pair consists of address and mask regis-
ters. Let the values of address and mask registers be a and
m, respectively. When the memory access to the address R
is issued, if R & m = a, the debug exception occurs.

FDSM sets these debug registers using the ptrace system
call. The access pattern inspector runs as a parent process
and the user program runs as a child process. In the inspec-
tion mode when the user process accesses the shared region,
the debug exception is reported to the parent process. The
parent process records the accessed address and continue
the execution of the child process.

The run-time library of the IA-64 version is same as that
of the IA-32 version. The provided API’s are also same as
the IA-32 version and they are shown in table 1. As the IA-
32 version, The IA-64 version of FDSM runs on the SCore
Cluster System Software[8]. PM/Myrinet2k64 is used as
the communication library.

5 Performance Evaluations

FDSM is evaluated using the CG program in NAS Paral-
lel Benchmarks[1]. We used the OpenMP C language ver-
sion of CG and the class is B. The OpenMP program is con-
verted to a C program by the Omni/OpenMP compiler and
linked with the FDSM library. The C compiler is gcc 3.2.2
on both the IA-32 and IA-64 architectures. This program
runs on the 8-node IA-32 and the 4-node IA-64 clusters.
The hardware environments are shown in Table 2.

Table 3 shows the performance. Figures 5 and 6 show the
speedup on the IA-32 and IA-64 architectures, respectively.
In these figures, the result of SCASH[3] (only IA-32) and
the MPI is also shown as a comparison. SCASH is another
software distributed shared memory system which runs on
the SCore system software. OpenMP programs may run on
SCASH using the Omni/OpenMP compiler.

On the IA-32 architecture, in the CG benchmark running

Table 3. CG

(Mops)
1 2 4 8

FDSM(IA32) 68.38 128.5 234.7 389.9
SCASH(IA32) 68.38 114.7 195.7 281.7
MPI(IA32) 73.91 290.3 480.1 948.2
FDSM(IA64) 72.3 146.3 265.3
MPI(IA64) 67.5 141.9 247.1
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Figure 5. Speedup of the CG on IA-32

with 2, 4, and 8 nodes, the execution is 1.88, 3.43, and 5.70
times faster than one node and FDSM is faster than SCASH
by 1.12, 1.20, 1.38 times, respectively. The MPI version
is mush faster than the FDSM version. One reason is that
FDSM has heavy overhead in the inspection mode. Another
reason is that the MPI version of CG employs the block di-
mensional division to share the work among the processors
while only the one-dimensional division is possible with
OpenMP.

On the IA-64 architecture, the FDSM version performs
almost same as MPI version. About the IA-64 version, this
is the preliminary evaluation, so GCC is used as a backend
compiler of the Omni/OpenMP compiler. More sophisti-
cated compiler is required to exploit the performance of the
IA-64 processor.

6 Related Work

The Inspector/Executor method[7] is similar to FDSM in
that it obtains the access pattern of the applications. In this
method, a special compiler divides a loop into two phases:
the inspector and the executor. The access pattern of the
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Figure 6. Speedup of the CG on IA-64

application is obtained by the inspector and the normal cal-
culation is performed by the executor. Unlike the Inspec-
tor/Executor method, FDSM does not use the special com-
piler. While the inspector only gathers the access pattern of
the application, the inspection mode of FDSM performs the
normal calculations.

The producer-push method[4] is also similar to FDSM.
It uses the execution history and predicts the next required
communication. This method is the improvement of the
twining and diffing method[2]. FDSM is different because
it does not use twins nor diffs.

7 Conclusion

This paper has described the FDSM software distributed
memory system. FDSM targets the application that uses
loops. FDSM obtains the access pattern to the shared mem-
ory region at the first iteration of a loop. Using this access
pattern, the communication is able to be optimized in the
rest of the iterations.

FDSM has been implemented on the IA-32 and IA-64
architectures. This paper has described a method to imple-
ment FDSM on the IA-64 architecture. On this architecture,
the access pattern of the application is obtained by using its
advanced debugging facility.

For the evaluation of FDSM, the CG benchmark appli-
cation has been used. The result shows FDSM performs
better than SCASH by 38% on the IA-32 architecture. In
the preliminary evaluation on the IA-64 architecture, FDSM
performs almost same as the MPI version.

The current version of FDSM on IA-64 incurs heavy
overhead because it is implemented as a user level library.
FDSM on IA-64 may perform better if it is implemented in

the operating system kernel.
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