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Abstract

Our new supercomputer system, which will begin its
operation on July in the Academic Center for Computing
and Media Studies, is based on the T2K Open Supercom-
puter Speci�cations designed by the collaboration with U.
Tsukuba and U. Tokyo. The speci�cations are not only the
result of our new concept and procurement principle, but
also the conclusion of the discussion between computer sci-
entists/engineers in the center and computational scientists
of a wide spectrum of research �eld in our university. The
collaboration of computer and computational scientists is
becoming tight for the high-performance computing on the
Open Supercomputer and has already shown its creativity
with useful and novel software methods.

1 Introduction

The Academic Center for Computing and Media Studies
(ACCMS) has various missions on computation and com-
munication infrastructures and services provided through
them. Among those missions, the design and operation of
a large scale supercomputer system are highly prioritized in
order to provide a state-of-the-art high-performance com-
putation power to a wide range of researchers both inside
and outside our university. To pursue the mission on super-
computing, both inter-university and inter-disciplinary col-
laborations are essential. Since modern supercomputers are
massively parallelized and deeply layered with respect to
both hardware and software aspects, the design and usage
of them require a wide spectrum of professional knowledges
and skills.

For example, designing a supercomputer system requires
professional architects of processors, memory systems, in-
terconnections and storages to cover these hardware lay-
ers. As for the software stack, operating systems, com-

pilers, communication and numerical libraries, ready-made
and newly programmed applications have to be fully cov-
ered. These widely spread technology area ofsupercom-
puter sciencecannot be covered by a supercomputer center
or even by a university as a whole, and thus we need to as-
semble researchers in multiple universities for collaborative
design.

The parallelized and layered architecture of supercom-
puter hardware and software is also the source of the ne-
cessity of inter-disciplinary collaboration. A computational
scientist who has a large scale application should have deep
knowledge of the problem to be solved and may know
something about its parallelization method. However, it is
hardly expected the researcher fully understands how the
application program is compiled and executed on modern
superscalar processors, how its memory accesses conform
the caches and memory hierarchy, how the parallel pro-
cesses communicate with each other, and so on. Further-
more, even if the researcher recognizes these complicated
issues, it is harder to force him/her into being highly skillful
to �nd a state-of-the-art algorithm/implementation quickly.
Thus our mission is not only to provide a high-performance
system for the researchers but also to collaborate with them
to attack their problems jointly.

This paper describes our recent activities of an inter-
university collaboration for the system design and an
inter-disciplinary one for an ef�cient parallel implemen-
tation of a simulation onto the designed system as fol-
lows. Section 2 discusses the architecture of theT2K Open
Supercomputer[3] which researchers of three universities
designed for their new supercomputer systems. Then Sec-
tion 3 presents an ef�cient implementation of the particle
simulator for distributed memory systems which we jointly
developed with the researchers in the Research Institute for
Sustainable Humanosphere (RISH) in our Uji campus. Fi-
nally Section 4 concludes the paper brie�y showing our
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prospect of the evolution from the collaborations to the
knowledge society infrastructureandknowledge grid com-
puting.

2 T2K Open Supercomputer

2.1 T2K Alliance

Aiming at collaborative work on the speci�cation design
for new supercomputers, the following three university su-
percomputer centers established the T2K Open Supuercom-
puter Alliance in May 2006; the Center for Computational
Sciences, University of Tsukuba; the Information Technol-
ogy Center, University of Tokyo; and the Academic Center
for Computing and Media Studies, Kyoto University. These
universities have led supercomputer science for many years.
University of Tokyo and Kyoto University have long his-
tories of 40 years to provide high-performance computing
power to nation wide researchers through their computer
centers. University of Tsukuba has the sole accomplish-
ment in Japanese universities to place their CP-PACS super-
computer at the top of the TOP500 list as the world fastest
supercomputer in 1996.

This activity is for creative procurements at the initia-
tive of universities based on technology market researches,
rather than those by choosing machines from the product
market and at the initiative of system venders. This creative
and university-initiative approach results in open speci�ca-
tions, with respect to the architecture, software stack and
usage of the new supercomputers, to give an ef�cient HPC
solution with the most advanced technologies to a wide-
spectrum of users in Japanese academe.

At the last-one-mile point of the supercomputer procure-
ment, we alliance members are planning to the next steps
from our open supercomputers as the �rst base. An impor-
tant issue which the alliance is targeting is the high produc-
tivity of high-performance parallel programs with easy-to-
write programming languages, sophisticated and ef�cient
compilers, highly tuned communication and numerical li-
braries, and so on. We also give a high priority to collab-
orative work with computational scientists for their paral-
lel program development and tuning, high level education
on high-performance computing, and the establishment of
virtual research organizations hubbed by the Grid facility
connecting three member supercomputer centers.

2.2 Open Supercomputer Specifications

We named our speci�cations for new supercomputers
Open Supercomputer Speci�cationsaiming at making our
supercomputersopenin the following three aspects.

Open Hardware Architecture The speci�cations clearly
require that the supercomputers have to be built by com-
modity devices and technologies, rather than those dedi-
cated only to high-performance computing. For example,

their shared memory node must consists of processors of
64 bit x86 architecture which is obviously the mainstreamer
of current and near future processor technology, and DDR2
memories also commonly used in servers and high-end PCs.
As for the interconnection between nodes, our requirements
can be satis�ed a bundle of links of In�niband x4 DDR
or Myrinet 10G both of which are leading interconnection
technologies for commodity PC clusters. Since these de-
vices and technologies are the most advanced and cost ef-
fective in the current IT market, the resulting architecture
should be the best solution in the range of our procurement
budget.

Open Software Stack We also clearly state that the soft-
ware stack should be built on top of the open-source operat-
ing system Linux. The other major components of the soft-
ware stack, OpenMP based parallelizing compilers, MPI
communication library and Grid middleware and tools, also
have open-source solutions commonly used in the PC clus-
ter community. Therefore, it should be easy for PC clus-
ter users to port their programs to the open supercomputers
having the open software stack. Moreover, the openness
will give us the high portability of software components
produced by advance research work of worldwide includ-
ing ourselves.

Open to User’s Needs The supercomputers should much
larger and faster than the computers which our users are
daily using but have the hardware and software architecture
same as the user's own daily environment. Therefore, there
are no barriers to use our supercomputers not only for users
with numerical applications but also for those who have
never used supercomputers for their non-numerical appli-
cations. That is, our supercomputers welcome emerging su-
percomputational scientists in research �elds such as infor-
mation mining, natural language processing, and genomic
informatics.

Based on the concept of openness shown above, we spec-
i�ed the following requirements commonly applied to three
supercomputer systems.

² The fundamental building block of the system is a
shared memory node having 16 processor cores of
64 bit x86 architecture and 32 GB memory of 40 GB/s
aggregate bandwidth.

² Each node has a bundle of interconnection links whose
aggregate bandwidth is 5 GB.

² The operating system is Red Hat or SuSE Linux based
on the kernel v2.6.

² Compilers of Fortran, C and C++ should have
OpenMP parallelization API and the capability of au-
tomatic parallelization.
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Figure 1. Node Architecture

# nodes = 416
Rpeak = 61.2TFlops
Memory = 13TB

Storage System
883TB,  16GB/s

Fat-node Subsystem
# nodes = 7
# cores = 128 x 7 = 896
Rpeak = 1.28 x 7 = 8.96TFlops
Memory = 7 TB

Full-Bisection Interconnection
(total bandwidth = 3.3TB/s)

Figure 2. System Con�guration in Kyoto University

² The MPI communication library should exerts a high
bandwidth of 4 GB/s for a large size message and a
short roundtrip latency of 8.5¹ s or less for a small size
message.

² The performances of a core, a node and a large set of
nodes are measured by the standard benchmark set of
SPEC CPU2006, SPEC OpenMP and HPC Challenge,
in addition to our own benchmark suite for the perfor-
mance of memory accesses, MPI communications and
storage accesses.

Note that the numbers shown above, except for the MPI
roundtrip latency, are minimum requirements. Also note
that each site has its own requirements not listed above,
such as those for system level performance numbers, for
batch job schedulers and for site-speci�c application bench-
marks.

2.3 Configuration in Kyoto University

Based on the speci�cations described above, we called
bidding for the supercomputer system in ACCMS, which

Fujitsu Ltd. won offering the system con�guration shown
in Figure 1 and 2.

As shown in Figure 1, a node named HX600 consists of
four quad-core processors, AMD Opteron 8350 Barcelona.
Since a core can issue two �oating point multiply-and-add
instructions in its single cycle of 2.3 GHz, the peak perfor-
mance of a processor is 36.8GFlops. Each processor has
a Direct Connect memory interface to an 8 GB DDR2-667
memory and three HyperTransport Links to connect other
processors. The HyperTransport links of two processors are
also connected with the chip-sets to bridge between each
link and two PCI Express x8 links each of which is then con-
nected to a In�niband 4x DDR host channel adapter. Thus
in total, a node has 147 GFlops peak performance, 32 GB
memory of 42.6GB/s aggregate bandwidth, and four In�ni-
band links of 8 GB/s aggregate bandwidth.

As shown in Figure 2, the system has 416 nodes de-
scribed above and thus has 61.2 TFlops peak performance
and a large memory space of 13 TB. As for the inter-
connections, the system has 138 leaf switches of 24-port
and six 288-port spine switches to connect 1664 In�niband
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links from nodes to achieve full bisection bandwidth so
that all nodes perform wire-speed communications at once.
Besides these T2K Open Supercomputer nodes, our sys-
tem has other two major components, a fat-node subsystem
and a storage system. The fat-node subsystem, a part of
which will be provided for radio science as the successor
of RISH's A-KDK supercomputer, has seven shared mem-
ory SPARC Enterprise MX9000 nodes having 32 processor
sockets of quad-core SPARC 64VII and 1 TB memory for
each to add 8.96 TFlops peak performance and 7 TB mem-
ory space to the system. The storage system have 1024 fast
300 GB disk drives and 768 large 750 GB drives to provide
883 TB disk space accessible through a bundle of 64 Fiber
Channel links, the PRIMEQUEST TX580 �le server and a
bundle of 16 In�niband links from the Open Supercomputer
nodes.

The system has not only high-performance of 70 TFlops
in total but also good power-ef�ciency with 600 kW peak
power consumption. Moreover, each computation node has
state-of-the-art mechanisms to save electric power by dy-
namically downscaling its voltage with computation unin-
tensive load and by sleeping with almost no power con-
sumption when it has no load. Thus the system will be
greenly operated with 500 kW or less power consumption
saving large energy.

3 Efficient Space-Partitioned Implementa-
tion of Particle Simulation

Precise and micro-scale simulations of charged particles
are indispensable for theoretical and practical research in
high-energy physics, space plasma physics, cloud model-
ing, combustion engineering, and so on. Since the simula-
tion has to cope with a huge number of particles, its par-
allelization is essentially required. A simple paralleliza-
tion is to divide the particles into disjoint subsets and to
assign each subset to each computation node. Although this
method insists that all the nodes share the �eld information
of the whole space the simulation concerns, it is often ef�-
ciently implemented on shared memory systems including
vector machines[4]. In fact, the A-KEK supercomputer of
Fujitsu's PRIMEPOWER HPC2500 nodes has been a pow-
erful mean for the researchers of space plasma physics in
RISH and other nation wide institutes.

This simple method, however, has an inherent limitation
that the shared memory has to accomodate the huge number
of particles. Since a particle is represented by a data struc-
ture of about 50 bytes, the number of particles is limited to
only about5 £ 108 for an Open Supercomputer node with
32 GB memory, and to still insuf�cient20£ 109 or less even
for a fat-node of our system with 1 TB memory. Thus it is
inevitable to �nd an alternative parallelization for scalable
distributed memory environments.

for(t=0;t<timesteps;t++){
bfield();
position();
velocity();
position();
bfield();
current();
efield();

}

Figure 3. Kernel Loop of Simulator

A simple distributed memory implementation could be
a straightforward extension of the shared memory one, in
which each node has a copy of the �led information of the
whole space. The obvious drawback of this method is that
we need an all-reduce type communication to sum up the
contribution of the particle movements to the �eld in each
time-step of the simulation. In addition, a more serious
problem is that the �eld information is too large for a node,
more than 500 GB for a three-dimensional simulation with
20483 grid points, to accommodate in its local memory.

Therefore, the distributed memory implementation must
partition not only particles but also the simulated space.
Thus we devised a new space-partitioned load balancing
method, namedOhHelp, in which the space is simply and
equally partitioned but the load with respect to both of the
number of particles and the size of subspaces is well bal-
anced. This method is the offspring of deep technical dis-
cussions between two research groups, one in RISH hav-
ing deep knowledge and experience about particle simula-
tions and the other in ACCMS having those about parallel
processing on distributed memory systems. Thus this re-
search is a good example to prove the importance and effec-
tiveness of inter-disciplinary collaboration of computational
and computer scientists.

3.1 Simulation Principle

Figure 3 shows the kernel loop of the baseline serial ver-
sion of our particle simulator which is based on the KEMPO
simulator[2] developed in RISH. The functionsefield()
andbfield() update the electrical and magnetic �elds,
E andB , based on the following Maxwell's equations,

@E
@t

= c2r £ B ¡
1
²0

J

@B
@t

= ¡r £ E

whereJ , c and²0 are the current density, light speed and
permittivity, respectively. The functionsvelocity() and
position() update the velocityv and the positionx of
each particle of the chargeq and massm by the following
equations, respectively.

dv
dt

=
q
m

(E + v £ B )
dx
dt

= v
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Figure 4. Space Partitioning

Finally, the functioncurrent() calculates the current
densityJ from the following equation,

@½
@t

+ r ¢ J = 0

where½is the charge density whose value and its partial
derivative are obtained from the position and velocity of
particles.

3.2 Space­Partitioned Load Balancing by OhHelp

As shown in Figure 4, OhHelp simply partitions the sim-
ulated space into subspaces of equal size and assign each
subspace to each computation node as itsprimarysubspace.
In the �gure, non-italic numbers are the identi�ers of nodes
and also those of primary subspaces assigned to them. Each
node is responsible for its primary subspace, and also all the
particles in the subspace if the numbers of particles in sub-
spaces are well-balanced, or more speci�cally, if the num-
ber of particlesPs in a subspaces satis�es the following
inequality for alls,

Ps · (P=N)(1 + ®) ´ Plimit (1)

whereP is the total number of particles,N is the number
of nodes, and® is the allowance factor greater than 0. We
refer to the simulation phases in this fortunate situation as
those inprimary mode.

Otherwise, i.e., if the inequality (1) is not satis�ed for
some subspaces as shown in Figure 4, the simulation is
performed insecondary mode. In this mode, every node,
except for one node (12 in the �gure), is responsible for a
secondary subspace having too many particles to satisfy (1)
in addition to its primary one. For example, the subspace
22 hashelpernodes 02, 30 and 33 shown in italic style in
Figure 4. The particles in a heavily loaded subspaces are
also distributed to its helper nodes so that the number of

particlesQn assigned to noden is well-balanced satisfying
the following inequality similar to (1) for alln.

Qn · (P=N)(1 + ®) = Plimit (2)

Note that since all but one nodes have secondary subspaces,
a node whose primary subspace is heavily loaded, e.g., node
22, is not only helped by other nodes but also helps another
node 20, as the balancing algorithm orders. Also note that
the load in secondary mode is balanced not only in the num-
ber of particles but also in the size of responsible subspaces,
although the latter load is twice as heavy as that in the pri-
mary mode.

The examination whether the load is well-balanced and
the mode switching possibly with load rebalancing are per-
formed as follows each time the functionposition() is
called.

1. If the inequality (1) is satis�ed for all subspaces, the
mode stays in or turns to primary. In the case of stay-
ing, only the particles crossing subspace boundaries
are transferred between nodes by neighboring commu-
nications.

2. If the current mode is secondary and the inequality (1)
is not satis�ed but (2) is satis�able keeping the sec-
ondary subspace assignments, the mode stays in sec-
ondary without global rebalancing. Particles may be
transferred among the helpers and theirhelpandfor
the local load balancing in addition to the transfer of
the particles crossing boundaries. For the satis�ability
check for (2) and the local balancing, see [1].

3. Otherwise, the secondary subspace assignments are
performed (or modi�ed) so thatQn is equal toP=N
for all n to accomplish complete balancing. The sub-
space assignment algorithm is fairly simple because it
repeatedly moves the particles in a node having load
larger than the averageP=N to the other node having
load less than the average so that the latter's load be-
comes equal to the average by helping the former node.
For the detailed discussion of the subspace assignment,
see [1].

3.3 Performance

We implemented a prototype of a two-dimensional
KEMPO-based particle simulator with the OhHelp load bal-
ancing method using C and MPI 2.0. The simulator is
compiled by Fujitsu's C compiler version 5.6 and linked
to Fujitsu's MPI V6 library to run on the PrimePower
HPC2500 supercomputer with 128 SPARC 64V processors
and 512 GB shared memory. Although our aim is an ef�-
cient particle simulation on a distributed memory environ-
ment, we used the shared memory system in order to com-
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Figure 5. Performance of Simulations

pare our OhHelp version with its original Fortran code auto-
matically parallelized by Fujitsu's compiler version 7.0 so
that the particle computation loads are equally distributed
among processors.

With these simulators, we carried out simulations of �ve
time-steps with1:5 and 2:5 £ 109 particles residing in a
two-dimensional space of2048£ 2048grid points with the
periodic boundary condition, i.e., for the surface of a torus.
For the OhHelp version, we evaluated its performance with
two types of initial particle distribution; one is abalanced
setting in which particles are uniformly distributed in the
2048£ 2048space, while in the otherunbalancedone par-
ticles are packed in a2048£ 1100region in the space.

Figure 5 shows the performance of simulators with var-
ious numbers of processors. It is clear that the OhHelp
version greatly outperforms the original version and it ex-
hibits a good scalability. That is, the OhHelp balanced 128-
processor simulation is about ten times as fast as the original
which is hardly scaled up due to the limited shared mem-
ory bandwidth for random accesses. The OhHelp's speedup
from 16- to 128-processor simulations is about 12-fold and
super-linear probably because of the locality improvement
of the memory accesses to the �eld information. These re-
sults prove the importance of the space-partitioning not only
for distributed memory systems which essentially require it,
but also for shared memory systems to improve the regular-
ity and locality of memory accesses.

The memory access locality could also explain the per-
formance difference between the balanced and unbalanced
simulations. The difference is quite small when the num-
ber of processors is 64 or less to prove that the computa-
tion for �eld data update, doubled in the unbalanced case,
is insigni�cant. However, the differences in 96- and 128-
processor cases are signi�cantly large probably because the
unbalanced simulation could not bene�t from the access lo-
cality improvement due to the double-sized �eld data. In

fact, the 128-processor speedup of the unbalanced simula-
tion is just linear rather than the super-linear in the balanced
one.

4 Conclusions

In this paper, we described our recent activities of inter-
university and inter-disciplinary collaborations carried out
in ACCMS. Although both projects are still ongoing, we
have already shipped important products, the Open Super-
computer Speci�cations and the OhHelp load balancing
method for particle simulations.

From these accomplishments we now start to the next
steps forknowledge society infrastructureand knowledge
grid computingwhich our global COE project aims at. As
the project plan clearly states, the goal of the project is “to
facilitate the smooth circulation of knowledge among so-
cieties, communities, organizations, and individuals by or-
ganizing inter-disciplinary research teams.” Although it is
obvious that our collaborations de�nitely match the objec-
tive, we need to enhance them further to reach the goal. As
stated in Section 2.1, three universities has already begun
tighter cooperative work on software development and Grid
computing which should directly lead us to the goal of the
knowledge grid computing. The work also tightly related to
the inter-disciplinary collaboration to circulate the knowl-
edge of computer scientist among computational scientists,
for example, in the form ofmethodology library.
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