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Abstract In this paper, we propose a program-
ming model to implement PC cluster systems on a
non-open source of the commodity OS. For this pur-
pose, we also introduce an implementation of a Dis-
tributed Shared memory utilizing a Distributed file
system and a Memory Mapped File without modify-
ing OS. We have designed and implemented a sin-
gle DFS, by using a high-speed network interface,
DIMMnet-2 which has a large capacity buffer and
gathers the buffers, a device driver and a library
used as DSM. As a result of a matrix multiplica-
tion evaluation, it is confirmed to improve its per-
formance up to 1.99 times higher with two nodes
distributed parallel executions.
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1 Introduction

The recent development in a PC cluster sys-
tem with many PCs which are connected each
other is remarkable in the field of High per-
formance Computing (HPC). Most of recent
PC cluster system environments are designed
based on UNIX. Microsoft Windows, however,
has accounted for more than 97% of the mar-
ket share and has been expected to continue
to play important roles in distributed process-
ing from now on. Implementing a distributed
process environment with Windows would si-
multaneously realizes the distributed process-

ing in the commodity OS environment without
source codes, under which OS kernel cannot be
modified.

High-speed network interface for HPC,
DIMMnet-2 is equipped with a lower level
driver to issue commands in Linux. A
distributed computing environment, however,
does not support a driver of DIMMnet-2 in the
commodity OS environment such as Windows.

Thus, this paper proposes a method to con-
figure cluster systems utilizing DIMMnet-2.
By designing and implementing devise drivers
of DIMM-net for Windows, we have configured
PC a cluster system that works with commod-
ity OS and Memory Map without modifying
OS.

2 DIMMnet-2

DIMMnet-2 hardware is plugged into a DIMM
slot of a low price PC. DIMMnet-2 can reduce
access latency of an approximately 1/10 com-
pared to NIC for HPC connected to commodity
bus and expand the bandwidth to the highest
level. DIMMnet-2 has from several hundred
MB to several GB sizes of buffers. They are
available as communication buffers and areas
for data backup.

If a program uses primitive command to
read or write data to I/O window, the program
can access to a large capacity buffer and to a
DIMMnet-2 in a remote node. The I/O win-



dow consists with the Write Window (WW) of
write only, the Prefetch Window (PW) of read
and others. DIMMnet-2 is equipped with var-
ious extended commands in order to access to
large capacity buffers located in local and re-
mote. Extended commands include a usual se-
quential access primitive, a stride access prim-
itive accessing to the data locating at even in-
tervals, an indirect store primitive that deter-
mines where to store the data and so on in the
receiver side.

3 The Problems of DIMMnet-
2 Programming

In this section, we discuss a message passing as
a method of data sharing in a usual PC clus-
ter system and a distributed shared memory
(DSM). Then, we examine the method to im-
plement it with DIMMnet-2 and commodity
OS environment.

Message passing is a method to exchange
data with writing explicitly between processes.
It is the most abundantly used method and
MPICH[1] is an example of an implementa-
tion of the message passing system. Message
passing such as MPI has an advantage of its
excellent performance. However, a message
passing system can be a big burden for the
programmers since it requires them to write
each data exchange explicitly. Bandwidth and
latency are primary concerns about message
passing systems. Thus, a program needs to re-
duce overheads caused by a call of OS as much
as possible and they should access DIMMnet-
2 with user land. For an existing DIMMnet-2
driver for Linux, the driver needs to map each
buffer and register to user space and send prim-
itives to DIMMnet-2 explicitly. It complicates
the programming process.

On the other hand, a distributed shared
memory system (Disturbed Shared Memory:
DSM) is a distributed memory type of machine
and a technique to show the shared memory
virtually. Since a programmer does not need
to write a data exchange explicitly in the dis-
tributed shared memory system, the program-

ming is not complicated. Nevertheless, due to
problems of a page fault, the number of com-
munication, and a load of the consistency con-
trol, the distributed shared memory system of-
ten performs worse than the message passing
type does. In addition, the distributed shared
memory system has a issue of the consistency
control when it uses a cache. The distributed
shared memory system such as TreadMarks[2]
usually implement a distributed shared mem-
ory using a page fault mechanism in a Mem-
ory Management Unit (MMU) of a proces-
sor. However, UDSM[3] is an example that the
distributed shared memory is implemented in
userlevel software.

The DSM system using a usual MMU cannot
implement DSM in the environment where OS
cannot be modified. In addition, the method
to realize DSM only by the user mode software
may bring overheads due to an inability to use
the MMU. Therefore, this paper proposes the
method to realize DSM utilizing MMU indi-
rectly in the environment which does not allow
to modify OS with the support from a mem-
ory mapped file and Distributed File System
(DFS). A memory mapped file is a method to
map a file to a virtual address space and imple-
mented with using MMU. A program can uti-
lize MMU without modifying OS by allocating
shared data on a distributed file system to uti-
lize memory mapped file. When allocating the
shared memory, a memory mapped mechanism
loads only necessary pages automatically and
writes only dirty pages. Thus, this method can
optimize a frequency of communication and re-
duce overheads caused by DSM management
software. In addition, since this method has
a cache in local node, page fault occurs in this
method for the first time. In short, the method
has an advantage of its speed. When imple-
mented with this method, its implementation
load is relatively small because DSM needs
only file systems in the driver level. If DSM is
implemented with this method, we only need to
implement a distributed file system at a driver
level, which is considered as an easy implemen-
tation. DIMMnet-2 has a large scale of buffer
by SD-DIMM, which enables DIMMnet-2 ex-



change data located in SO-DIMM with high
bandwidth and low latency with network func-
tions. It is the distributed file system which
moves the buffer of DIMMnet-2 to the mem-
ory area of DFS and DSM that is suitable for
this method.

4 The Goal of this Research

The goal of this research is to configure a prac-
tical cluster system using Windows, a memory
map and DIMMnet-2. First of all, a storage
Driver, AT-dRAM which uses a large capac-
ity buffer of DIMMnet-2 as RAM disk area
for RAM disk is invented. Then, we realize
DSM and evaluate it. Next, we have investi-
gated whether DIMMnet-2 and AT-dRAM in-
stead of a main memory which can maintain
practical speed. Then, we have implemented a
high-speed message passing system and devel-
oped and evaluated a driver MT-dNET for the
expanded function of DIMMnet-2.

5 The Concepts of Device
Drivers for a Cluster System
by Windows

Based on consideration discussed in the pre-
vious section, we will discuss the design and
the configuration of a RAM disk driver, AT-
dRAM with which DIMMnet-2 is utilized as
DFS and DSM and a driver MT-dNET with
which DIMMnet-2 is accessed by user process
directly. Figure 1 is an entire configuration of a
PC cluster system using DIMMnet-2 and Win-
dows we developed this time.

AT-dRAM is a RAM disk driver using a
large capacity buffer of DIMMnet-2 as a disk
area. AT-dRAM hides a complicated indi-
rect access system from programmers. It
also implements a distributed shared memory
and a distributed file system used in a clus-
ter system. AT-dRAM virtualizes multiple
DIMMnet-2 into a single disk and conceals an
indirect access system using a window. The
conventional file access technique makes AT-
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Figure 1: System Architecture

dRAM accessible to a large capacity of buffer
in a local and remote DIMMnet-2. AT-dRAM
is available as a distributed file system when
drivers are loaded on multiple nodes.

Also, a programmer used to need to consider
an indirect access system of DIMMnet-2 in
usual DIMMnet-2 programming. DIMMnet-2
programming becomes easier by using a mem-
ory mapped file because an algorithm that
uses a usual main memory can be applied
without modifications of Windows. Moreover,
DIMMnet-2 can be used as DSM when map-
ping the same file from multiple nodes.

In order to use DSM for a distributed pro-
cessing, the system needs to have allocating
shared memory area and functions and barrier
synchronization and so on. Therefore, we have
developed library ATR-DSM which supports
these functions. In order to build a distributed
shared memory rigorously, the library needs
consistency control. However, because we re-
gard its performance as most important, the
programmer explicitly implements data flush
and update instead a consistency control by a
library.

On the other hand, a programmer some-
times wants to handle DIMMnet-2 explicitly
with fewer overheads by OS in order to imple-
ment a message passing system and to use var-
ious extended commands such as a stride com-
mand. Thus, we have developed Driver MT-
dNET that makes DIMMnet-2 possible oper-
ating explicitly only with a user land from ap-
plication programs.



mat_a = (CAST)dn_calloc(MATSIZE);

mat_b = (CAST)dn_calloc(MATSIZE);

mat_c = (CAST)dn_calloc(MATSIZE);

//a conventional method uses a main memory

for (i = 0; i < SIZE; i++)

for (j = 0; j < SIZE; j++)

for (k = 0; k < SIZE; k++)

(*mat_c)[i][j] += (*mat_a)[i][k] * (*mat_b)[k][j];

Figure 2: Example for AT-dRAM Program-
ming

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

//read a column with a continuous command

VL(mat_a, i * step, step);

for (j = 0; j < SIZE; j++){

//read a row with a stride command

VLS(mat_b, MATSIZE + j * szdbl, 3, SIZE, step);

for (k = 0; k < SIZE; k++)

mat_c[k] += mat_a[k] * mat_b[k];

}

VS(mat_c, MATSIZE * 2 + i * step, step);

}

Figure 3: Example for MT-dNET Program-
ming

MT-dNET maps windows and register in
DIMMnet-2 to a user space of a process. It
makes a program accessible to a large capacity
of buffer and possible to complete DIMMnet-2
access by remote node in user land.

This method enables to ease overheads by
OS and to reduce communication latency as
much as possible. A program needs to access
data explicitly by using a library executed in a
user mode in order to access DIMMnet-2.

6 Programming Examples

In this section, we introduce examples of the
programming developed with drivers and li-
braries and discuss its usefulness.

Figure 2 and 3 illustrate a programming of
a matrix multiplication with a local program-
ming at a local node with AT-dRAM and a
user mode library. A matrix multiplication
with a conventional method uses a main mem-
ory (with AT-dRAM and a memory mapped
file). A matrix multiplication with a column
read command with continuous read and row
read with a stride command (explicit issue with
MT-dNET and library).

As the figures indicate, a programmer no
longer needs to use an indirect access mech-
anism of DIMMnet-2 and utilize almost the
same algorithm as regular one with AT-dRAM.

In other words, the programmer can easily
carry out DIMMnet-2 programming. More-
over, AT-dRAM uses a file system cache,
which enables AT-dRAM to minimize access to
DIMMnet-2 and improve its performance. On
the other hand, the programmer needs to code
the data exchange with DIMMnet-2 explicitly
when using MT-dNET and stride commands.
However, a stride command enables a program-
ming with effective cache. In our example, we
use a library for a primitive issuing. However,
the programmer has to check a status register
due to the consideration of DIMMnet-2’s win-
dow size even with only MT-dNET. Thus, it
makes program more complicated.

7 Performance Evaluation

7.1 Overheads of the OS

Since AT-dRAM is implemented as a storage
driver, an AT-dRAM brings overheads such as
a driver call. We have applied the following for-
mula and measured the OS overheads when ac-
cessing files of the explicitly described API. Tos

here is an overhead by OS, Ncall is the number
of OS call (actual measurement value), Nsize is
the size of the overheads (actual measurement
value), and Ttransspd is time for transfer (ac-
tual measurement value). We have calculated
the cost for one time of the OS call by calculat-
ing the differences in total time (∆Tall

) when
changing the size of the overheads to be trans-
ferred at one time without changing the entire
transferred size and also changing the number
of an API call (∆Ncall

).

Tall = TosNcall + NsizeTtransspd (1)
Tos = ∆Tall

/∆Ncall
(2)

Next, we have measured overheads of OS
when executing a file access by a memory
mapped file. For reading, when a page fault
occurs in each page (4KB), a storage driver is
called and necessary data of the page is read
from the disk.

Tmmap = (Tall − TtransspdNsize)/Npage (3)



The time for reading from the disk is calcu-
lated with formula (1). We have calculated OS
overheads of a memory mapped file per page
using formula (3). Ttransspd describes the time
for reading per sector from the disk (actual
measurement value), Nsize shows total num-
ber of times for the reading from disks (ac-
tual measurement value) and Npage shows the
number of the pages which are already read
(actual measurement value). When a mem-
ory mapped file is applied, OS automatically
writes the updated data on a disk. However,
a programmer can code to write on the disk
explicitly. In ATR-DSM, a programmer often
codes to write on the disk explicitly. We cal-
culate the overheads with the formula (2). Ta-
ble 1 shows the overheads. The overheads are
larger when a memory mapped file is used than
when ReadFileAPI is used. When a memory
mapped file is used, these overheads occur only
the first time access. Therefore, the perfor-
mance is higher when a memory mapped file is
used compared to the case when read files are
called in several times explicitly.

7.2 Transfer Rate between SO-
DIMM and Host Memory

As shown in Figure 4, we have measured MT-
dNET and measure its transfer rate between
a SO-DIMM buffer of DIMMnet-2 and host
memory without OS calls. Figure 4 illus-
trates its performance of the transfer. The cur-
rent hardware of a DIMMnet has a problem.
Therefore, the cache attribute of the window
of DIMMnet-2 is Uncached. Since a cache at-
tribute to a write window becomes Write Com-
bine and a cache attribute become Cached in
the future, its transfer rate will be improved. A
combination of these cache attributes is called
DriverDefault.

Table 1: OS Overhead for Data Access
time[us]

Read(ReadFile) 4.27
Write(WriteFile) 3.75
Read(MemoryMappedFile) 9.87
Write(MemoryMappedFile) 4.39
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Figure 4: Transfer Rate between DIMMnet-2
SO-DIMM and Host Memory(MT-dNET)

7.3 The DFS Performance

We have estimated a distributed file system
performance in the case of the cache attributes
of Uncached and a disk performance TDD in
a case of DriverDefault with transfer perfor-
mance between a SD-DIMM buffer and a host
memory with the following formulas.

TDD = Tos + TDDD (4)
= (Tall − TDUN ) + TDDD (5)

Tos shows overheads by OS call, TDDD shows
transfer time to SO-DIMM when OS is not
used in DriverDefault. Tall shows total amount
of file access time in Uncached with OS. TDUN

shows transfer time to SO-DIMM in Uncached
without OS. The result is shown in Figure
9. The transfer performance in DriverDefault
decreases its transfer performance up to 9%
compare to one handling DIMMnet-2 explic-
itly from a user program. This performance
degradation is caused by a file system man-
agement and overheads by OS. However, the
transfer performance is still up to twelve times
more than its performance limit by 30MB/s
with a file sharing using SMB. In other words,
AT-dRAM will dramatically improve its per-
formance as a distributed file system.

7.4 An Evaluation by a Distributed
Processing

We have evaluated some distributed processing
by using AT-dRAM and ATR-DSM. As men-
tioned earlier, the current cache attributes of
each window of DIMMnet-2 is Uncached. We
estimate the performance with the formula be-
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Figure 5: Transfer Rate of DIMMnet-2 RAM
Disk(AT-dRAM)

low by assuming that the problems in hardware
were solved.

The number of times of reading in the disk
Nri, the number of times of writing Nwi and
reading time Tri in case of Uncached and writ-
ing time Twi in case of Unchahed are measure-
ment value. AT-dRAM now limits re-sending
when it is remote transfer. Currently, when
AT-dRAM is in a remote transfer, software has
a control over re-sending. When i is more than
1, i means time required for re-sending and the
number of times re-sending. The time required
to re-send increases as the number of times to
resend. Because AT-dRAM is no longer limited
re-sent in DIMMnet-2, Nri and Nwi become
zero when i is more than 1. Twi, Twi and total
transfer time Ttrans when the cache attribute is
a Driver Default are estimated in Figure 4. Tos

is an overhead by a page fault and data flush
OS calls. OS calls by a page fault is computed.
The former is computed by the product of cal-
culated overheads per page fault Tmmap and
calculated page numbers Npage. Overheads by
data flush are computed by a product of calcu-
lated overheads per data flush Tflush and cal-
culated the number of flush. Nflush. Either
Tmmap or Nflush does not include transfer time.
Tbarrier is a sum of required time for barrier
synchronization. It has been proved by a mea-
surement that it costs at least 1 [ms.] Tbarrier

is parameter and the numerical value which
makes each Tall in each node equivalent. Tcalc

is total sum of required time for computation
except for the time required for OS overheads,
disk transfer time and barrier synchronization.

Tall = Tos + Tbarrier + Ttrans + Tcalc (6)
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Figure 6: A Result of Distributed Matrix Mul-
tiplication

Tos = TmmapNpage + TflushNflush (7)

Ttrans =
N∑

i=0

TriNri +
N∑

i=0

TwiNwi (8)

Tbarrier = Tall

− max(Tosi
+ Ttransi

+ Tcalci
) (9)

(1) A Matrix Multiplication
We have evaluated a matrix multiplication by
a simple distributed processing. The program
divides a required matrix into P toward a col-
umn and has measure a matrix product. Fig-
ure 6 shows the result. Disk accessing time
in total processing time for a matrix multipli-
cation is short. Moreover, each node has the
same amount of computing and there are few
needs for synchronization. Therefore, a ma-
trix multiplication can be parallelized very ef-
fectively. The multiplication computing by two
nodes has become 1.99 times faster.
(2) Wisconsin Benchmark
Wisconsin Benchmark is a benchmark to mea-
sure a database performance. We have coded
6 queries included in Wisconsin Benchmark in
Figure 7 explicitly and measure their perfor-
mance with C language. Assigned data stor-
age by a benchmark is either SO-DIMM of
DIMMnet-2 or a hard disk. Figure 8 shows the
result of a distributed processing of Wisconsin
Benchmark.

(Q1) select * from tenk1 where (unique2 > 301) and (unique2 < 402)

(Q2) select * from tenk1 where (unique1 > 647) and (unique1 < 65648)

(Q3) select * from tenk1 where unique2 = 2001

(Q4) select * from tenk1 t1,tenk1 t2 where (t1.unique2 = t2.unique2)

and (t2.unique2 < 1000)

(Q6) select t1.*,o.* from onek o,tenk1 t1,tenk1 t2 where (o.unique2 =

t1.unique2) and (t1.unique2 = t2.unique2) and (t1.unique2 != 1000) and

(t2.unique2 != 1000)

(Q7) select MIN(unique2) from tenk1

Figure 7: Queries in Wisconsin Benchmark



�

����

�����

�����

�����

�����

�����

�� �� �� �� �� �	

�
��
�
��
�
�

���

������	
���
���

������	
���
���

������	��������������

������	��������������

Figure 8: A Result of Wisconsin Benchmark
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Figure 9: A Result of Himeno Benchmark

The disk performance has significant influ-
ence in queries of Wisconsin Benchmark with-
out using simple join commands. While per-
formance of AT-dRAM has been improved
2.49 times better than that of HDD in Q1,
a distributed processing is useful in queries
with a join (Q4,Q6). A processing with two
nodes improves its performance 1.97 times bet-
ter than that of a single node in Q4. AT-
dRAM and DIMMnet-2 are also effective in the
field required to store enormous data such as
database.
(3) Himeno Benchmark
Himeno Benchmark is invented in order to
evaluate the performance of non-compressed
fluid analysis codes and is measured by speed
of a main loop in the case of Poisson equa-
tion by Jacobi iteration. We have measured the
performance of Himeno Benchmark by using a
new edition which is based on the program of
OpenMP edition and revised to use AT-dRAM
and ATR-DSM and a single node edition (an
original edition) which uses main memory.

The ratio of disk access time out of a total
time is large in Himeno Benchmark. Its perfor-
mance declines 0.82 times as low in the case of

one node using AT-dRAM as an original ver-
sion using main memory. In addition, a dis-
tributed processing in two nodes has only been
improved 1.38 times more than the originals.
However, a two node distributed processing us-
ing ATR-DSM and AT-dRAM has improved
its performance 1.69 more than a single node.
It proves that ATR-DSM and AT-dRAM are
effective even to Himeno Benchmark.

8 Conclusions

We have developed a driver of DIMMnet-2 for
Windows and evaluated its distribution system
by configuring a cluster system in this study.
As a result, we have implemented a distributed
processing environment with DIMMnet-2 in
Windows. In our experimental evaluation, the
distributed processing has become up to 1.99
times more effective and therefore, we have
proved its usefulness as a cluster system by our
method.

Although we have discussed mainly
DIMMnet-2 and Windows in this paper,
the application of our method is not limited
to them. Moreover, this method implies a
possibility of a distributed processing by a
device driver and a memory mapped file in
the commodity OS environment.
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