% | i ?H & E MW

¥
E|||!
1

I SSWHHPC J7+—5.42010 &Y

B ETEE

Extreme Computing: Challenges,

Constraints and Opportunities

Anne Trefethen
Oxford University




Fujitsu's HPC Users Group Meeting 26" August, 2010

Extreme Computing: Challenges,

Constraints and Opportunities
Anne E Trefethen

Preamble

This paper is a handout to support the presentation at the Fujitsu HPC Users Group Meeting on 26"
August, 2010.

Abstract

Scientific applications require an ecosystem of computational infrastructure that can allow
distributed collaboration and computation, large-scale simulation and analysis and appropriate
consideration of data driven science. The ecosystem requires the integration of high-performance
computing, in some cases to the exascale, cloud computing, databases, high bandwidth networks
and the software and people infrastructure that enables the effective use of the components.

In this presentation we will consider some of the challenges and constraints that drive the
development of the computational infrastructure and its components — including computational
models, energy and knowhow; and the opportunities that are presented, in terms of new science
applications and new algorithmic approaches. There is a particular focus on energy.

Key words

Exascale, extreme computing, energy efficiency, cloud computing

Introduction

Advanced computing is an essential tool in addressing scientific problems of national and scientific
interest, including climate change, the virtual human, new materials, next-generation power sources
and astrophysics, but as importantly it is equally essential to solve commercial and industrial
problems in financial modelling, engineering, and real-time decision systems.

Extreme computing has moved from being a somewhat esoteric interest of a few scientists to a
necessity for any computational scientist or developer who uses simulation as a tool. A shift has
occurred in recent years as the processor chip designs mimic the architecture of high-performance
computers, with multiple processing cores on a single chip, making efficient programming of a single
processor computer as complex as it once was to develop software for a high-performance
computer.
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The interface to extreme computing is also changing with increasing availability of infrastructure and
services through Cloud Computing enabling access to both high-performance and high-throughput
computing.

The computers and computer systems, however, are still largely designed with little thought to the
applications that might use them and often arrive to the users with little software infrastructure in
place. The development of the required software infrastructure is becoming increasingly complex
and if we are to be effective in the use of these systems there is a need to address this through
appropriate abstractions, programming languages and tools to support application developers and
users.

A further pressure point for extreme computing is the constraint that energy requirements are
having, and will continue to have, on the developments of computer architectures and their use.
This becomes increasingly important both in terms of the general computing infrastructure which is
becoming a significant component of national use of electricity [1] and for the high-end computer
systems, with the predictions of the exascale energy requirements up to 100MW [2] — more than
would be required by a small town. Given that a standard dual-core laptop is equivalent to one of
the Top500 machines of only 12 years ago we can expect these issues to be pervasive as we go
forward.

This presentation provides an overview of the challenges that are faced in extreme computing,
together with some of the ongoing activities to provide a roadmap for future developments.
Focussing on energy as a driver there is a consideration of some of the research and activities across
the ecosystem of computing and in particular we consider that required for the Square Kilometre
Array [3] which provides an excellent co-design vehicle®.

Ultimately our interest is in providing a framework to allow the development of applications and
algorithms that are energy-aware and will allow the user to make choices regarding the objective
optimized in the software — be it energy performance, price performance or indeed computational
performance.

! A co-design vehicle is a concept described in [ref] and is essentially an application that is developed in
conjunction with the design of the software and hardware infrastructure together.
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Extreme Computing Challenges and Constraints

There have been many studies during the last several years that have addressed the requirements of
extreme (or exascale) computing [4, 5]. Here we will provide a general overview with some specifics
from a recent study in the UK focussed on the development of a roadmap for high-performance
computing [6] and the roadmap of the International Exascale Software Program [7] but the reader is
referred to the original texts for the full discussion and details.

The HPC/NA roadmap activity in the UK brought together computational scientists, mathematicians
and computer scientists to understand what might be the key issues for the future of extreme
computing both in the UK and within an international context. The activity held a number of
workshops and had individual communications with scientists and groups in the UK and a review of
the literature from other national activities was included to provide the international perspective. It
did not address hardware challenges directly, but the whole discussion was of course motivated by
the changing face of computing hardware. The IESP roadmap provides a good overview of the
hardware expectations [8]. As we go forward, we can expect that power and cooling limits will
continue to constrain clock speeds; we will see a shift to multi/many core with attendant
hierarchical parallelism an often with the additional complexity of hardware accelerators. This can
be seen by the evidence of the Top 500 machines where multi-core machines and those with GPUs
and the like are an increasing proportion [9]. Memory bandwidth will continue to be a bottleneck
and this is likely to get worse. Chip design and chip to chip communication capabilities are likely to
change however with 3D stacking and integration designs, for example [10] and the introduction of
high-speed optical communications [11].

The HPC/NA roadmap activity found there were five major themes that dominated the discussions.

Theme 1: Cultural Issues

There are gaps between disciplines that meant that often the team effort that might be required to
bring a large-scale application together was not optimal and that appropriate knowledge and
expertise might not be captured within such an effort. This is a common issue and many national
activities are investing to ensure that community actions are supported and interdisciplinary teams
created.

Differences in discipline communities were also identified in that some application domain scientists
are used to sharing models and codes, and reusing other software developed by other groups; while
for other domains this approach is almost completely alien with codes being entirely developed
within a particular group and little use being made of libraries or other third-party software.

Similarly there is a need to ensure that the software activities are not only focussed at a national
level but are within an international context. It is the case that several application codes in the UK
are dependent up on software that has been developed in programmes in other countries and vice
versa. These dependencies are a risk to the sustainability of the software and that risk can only be
mitigated by international collaboration.
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Theme 2: Applications and Algorithm development

There are many issues that need to be addressed in the area of application and algorithm
development. These include ensuring that a component approach to development is taken where
appropriate such that algorithms that might underpin multiple application areas are developed as
such. Having noted that, many applications involve multiple models at different scales or for
different elements of the application and integration of components is not possible without
appropriate standards for data models and formats, interoperability of programming models, and
lack of knowledge of error propagation through the integrated system. Clearly this is not a problem
unique to extreme computing, but is one that as a community we have yet to address fully.

The memory hierarchy of high-performance computers is on course to get even more complex which
will drive the needs for hierarchical algorithms to deal with bandwidth across the memory hierarchy
together with software strategies to mitigate high memory latencies. This will in turn drive the need
for algorithms to be dynamically adaptive, perhaps as components of an active library, and of course
scalable much beyond the present status quo. There are few applications that can scale to petaflops
levels let alone toward exascale. Such scaling can only be achieved with appropriate portioning and
load balancing and effective data management. Data-intensive science [12] is increasingly important
and the ability to manage large amounts of data effectively and efficiently is crucial [13]. Moving
data takes energy, at every level of the system — this is a point we will return to later.

Theme 3: Software Challenges

Development of software is becoming increasingly complex and without appropriate software
engineering, in the context of an exascale system, will be un-maintainable. Application scientists are
not usually software engineers but there is a need to ensure that by some means appropriate
practice is adopted. Frameworks and tools to support software development will be needed
together with compilers and code generation tools that can provide a layer of abstraction for
application scientists.

Theme 4: Sustainability

The HPC/NA Roadmapping activity identified a general concern regarding the sustainability of
application codes, software libraries and skills (we consider skills in the next section). This issue is
integral to that of programming models, interoperability and also the cultural issues above.
Scientists are naturally loathed to invest a great deal of effort in the development of software that
will last only the lifetime of a particular computer architecture, compiler or other dependent
component of the environment. We can only address this issue as a community as we agree in the
adoption of standards and open source mechanisms.

Theme 5: Knowledge Base

It is important to ensure that computational scientists have the right set of skills, and this set of skills
needs constantly updating. Within the UK activity it was also discovered that there was a lack of
awareness by some members of the community of existing libraries/packages. Maintaining a strong
knowledge base will require education for graduate students as well as the opportunity for life-long
learning. The report on exascale computing for energy and environment [14] notes “The current
belief is that the broad market is not likely to be able to adopt multi-core systems at the 1000-
processor level without a substantial revolution in software and programming techniques for the
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hundreds of thousands of programmers who work in industry and do not yet have adequate parallel
programming skills.”

Other issues:

Since the last of the roadmapping workshops Cloud Computing [15] has matured and is now very
much part of the computational environment. It offers a different interface to distributed, and in
some cases, high-performance computing and as such is part of the evolving ecosystem for
application development. As data-intensive applications dominate it is possible that the business
models underpinning Cloud computing might offer benefits to scientists. These issues will likely be
resolved as computational scientists become engaged with the various vendors but there is no
question that the scale of Cloud computing infrastructure may offer benefits in terms of energy
efficiency and from that point of view we will return to them as part of the ecosystem later.

Co-Design Vehicles and the Square Kilometre Array

During the workshops and activities of the Department of Energy in the USA addressing the
requirements for exascale computing, the notion of a co-design vehicle has been adopted. At
present, other than in a few specific cases [15, 16, 17], a computer system is designed with little
thought for the applications that will use it, and the software is generally designed to try to fit the
hardware. In the co-design model the two are seen as part of the same system and the design of
each is done through collaboration. In the extreme this might result in computer systems that are
only useful for a given application such as [15, 16, 17] but the model can be adopted to enable more
generic progression with the evolution of the computer architect and algorithms being better
aligned and providing better capability and specifically energy performance.

We are interested in the computing challenge provided by the development of the Square Kilometre
Array [?], the next generation radio telescope. The telescope is in the design phase with the
anticipation that construction of the first phase will begin in 2016 with the full telescope completed
and in operation by 2022. The SKA will likely be located in either Australia or South Africa, in a
desert so as to have little or no interference, but is a collaborative effort of over 50 groups in 19
countries.

The present design [18,19,20] has a combination of aperture arrays in the core and up to 3000
phased array feeds on dishes and a collecting area of approximately one square kilometre with
receptors extending out to a distance of 3000km from the centre of the telescope (figure 1). It will
allow a sensitivity of more than 50 times that of existing telescopes, and 10,000 times the survey
speed and will provide data to answer fundamental science questions on gravitation and magnetism,
galaxy formation and even the question of life on other planets. The design of the SKA is developing
through design studies based on the science requirements, Pathfinder telescopes that provide
experience of design options, and technology capability considerations.
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Figure 1 Possible configuration of SKA receptors and artist’s impression of SKA core(from [21])

The SKA provides a fabulous information technology challenge with a typical data rate from each
dish antenna on the order of 100Gbs™' aggregating to over 100Tbs™ [21] and need for Exaflop
computation [23] for post-processing. The infrastructure required to support the various science
cases will need to range from real-time capability to transport and analyse the data at these high-
data rates and the capacity to store and “publish” the data for later analysis and interpretation by
the global astrophysics community. The computational systems will likely range from specifically
designed FPGA-like units to exascale computing and Cloud-like data centres. The communications
infrastructure will range from intra-chip and inter-chip with optical fibre to the correlator and on to a
high-performance computer, to trans-oceanographic with the latter having data rates of at least
100Gbs™ over the general network providers. The SKA will succeed or not depending on both the
physical implementation of the telescope design and the software infrastructure that will enable it.
The software infrastructure required to realise this information technology challenge is itself has
been identified as > 2000 person year task [22] but even this may not take full account of the

complexity of the task.
Figure 2: SKA computational requirements in context of Top500 [23]
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required for the core antennas (~30MW) and the remote stations ~0.5MW) and the various
computational components including high-performance computing (Y40MW) data transmission
(~?MW) and Cloud (or equivalent) provision (~?MW). Energy provision is a major design factor in
the delivery of the telescope — plans to mitigate the energy constraints include renewable energy
sources (sun) providing the station power and it is easy to see that the SKA could possibly be the
largest Green IT project ever to be considered.

Counting Joules

As indicated above the ecosystem of computational resources required to enable the SKA provides a
plethora of challenges and opportunities where energy efficiency is concerned.

Moving data takes energy whether the data is moving from L2 cache on chip or within a transatlantic
Data Cloud. Effective management of that data communication is a major component of any
optimal energy model. There has been a great deal of research on wireless network
communications and sensor networks, where devices are most often low-energy devices with
battery constraints. Indeed a lot of research has been done in general on low-energy devices
including computational algorithms from which we might learn. The existing communications
network across the globe relies on hundreds of thousands of switches and routers and these, unlike
wireless or mobile infrastructure, do not power down when idle. The network is a complex system
of different technologies and it is difficult to predict the energy consumption under different
circumstances so sending data 10 times as fast might use interfaces that use 100 times the amount
energy or in some cases (e.g. newer optical ones) 1000 times less [24]. A good overview of network
energy costs for realistic configurations can be found in [25]. There are a number of research efforts
considering the issues around Green network communications including INTERNET [26] and others
can be seen at recent conferences [27,28]. Of course as energy-aware systems are developed there
are still issues of what they optimise — usage or cost? Qureshi et al [29] illustrate effective ways in
which energy-aware data centres can optimise cost by moving computation to nearby states where
electricity costs are less.

Optimizing energy usage in large-scale data centres and Clouds is almost a science in itself.
McKinsey and the UpTime Insitute [1] indicate that the energy used by data centres in the US is
becoming a significant percentage and is likely to overtake airlines in terms of carbon emissions. The
report states that the average data centre uses as much power as 25,000 households, but that
estimate is probably somewhat out of date as in the last few years Cloud provisioners have built very
—large scale data centres across the US [30]. On a somewhat smaller scale at the Oxford
Supercomputing Centre (OSC) we have developed software that intelligently powers down
components of the systems at times of under utilisation. The indications are that this will provide
significant savings.

The McKinsey report identifies a number of issues around the effectiveness of data centres including
siloed organisations and limited transparency that match very well with the findings of the HPC/NA
for that community. McKinsey make the recommendation that metrics be defined that are not only
measuring the facility but are linked to the applications using it and the processes integral to it. A
consortium called the Green Grid is now in place with the aim to develop standards and best
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practice for data centres. The recommendation regarding metrics is one that we, as a community,
should also take on board as we develop exascale technology.

At the computing system level there are many approaches to energy efficiency. Again there is a
large knowledge base in the low-energy systems community that we should consult. Indeed an
approach that might be considered for some application areas builds directly on the low-energy
embedded microprocessor technology to build petascale systems. This approach is under
development for the Green Flash system [31, 32] at Berkeley National Laboratory where researchers
are collaborating directly with Tensilica, Inc. to explore the use of Tensilica's Xtensa processor cores
in building a computer to model clouds (that is clouds in the weather system not as a computer
system!). They believe that a specially designed core could get 10-100 times better performance
per watt. The Green Flash design will have on the order of 20 million processors consuming less
than 4 MW whereas the equivalent in conventional microprocessors would require around 200MW.

With appropriate systems support it is possible to provide hooks into the operating system to allow
spindown policies to be enacted, adaptive placement of memory blocks, agile use of component
devices and of course energy-aware routing [33].To make use of this level of support it would be
helpful to have tools that can provide a mapping from the higher-level action to the underlying
activity.

The power cost for a device is proportional to the frequency cubed. This means that a multi-core
device that is running at a lower clock rate is bound to provide the potential for higher performance
at a lower energy cost. Interesting issues arise when there are multiple such devices to hand and
the algorithm designer can chose to optimise the energy usage for a given computational
performance. At this point in time the SKA community are considering the use of GPUs, FPGAs and
multi-core chips [34, 35]. Nieuwpoort et al [34] show some interesting results in this area where
they have used a variety of chipsets to underpin the computation to correlate signals. The results
are particularly interesting in respect to the achieved efficiency vs Gflops/Watt where although a
given device might underperform in terms of percentage efficiency it may still perform better in
Gflops/Watt. The Green500 provide good reference indicators for feasible platforms at this time
[36].

Within the Oskar project [37] we tackled the Digital beamforming for the aperture array components
of the SKA that pose considerable computational challenges [38]. The proposed algorithm provides
a hierarchical algorithm for beamforming using a simplified and flexible computational approach of
direct matrix-vector multiplies rather than FFTs that provides a reduced data rate and a
computational cost of forming beams of 1TFlop as opposed to 20TFlops for the FFT approach.

Within PrepSKA [39] Savlini et al [40] have developed a Pipeline for Extensible Lightweight Imaging
and Calibration (PELICAN). This framework for parallel quasi-real time data processing offers two
deployment options either with the server supplying multiple pipelines or the pipeline connecting to
the data stream directly. PELICAN allows reuse of modular components and will be deployed on
LOFAR [41] interferometer stations to allow all sky calibration and imaging, and pre-processing for
pulsar searching. The modular framework allows appropriate computational components to be
implemented on appropriate devices, in this case GPGPUs.
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Tools, Benchmarks, metrics

While benchmarks for datacentres and systems are now relatively mature [42, 43] there is still work
to be done at the numerical algorithms level. On the exascale roadmap [8] it is suggested that
standards to support energy-aware algorithms should be agreed in 2014/2015 with energy-aware
libraries available in 2016. We have our work cut out!

Although for the SKA specific algorithms of interest we can model and implement across different
platforms there is a lack of agreed metrics, tools and benchmarks to provide the community with
clear evidence to support design features. This is true across the board for computational
algorithms although there are some efforts in this direction.

There are a number of tools for a variety of platforms that will allow measurements of device and
sub-device power usage. Kirk Cameron and his group have created a profiling tool that is an open
source software system together with hardware power measurement devices, PowerPack [44].
Using the profiler they have analysed the HPC Challenge Benchmarks [45] and been able to provide
very clear analysis of the behaviour of the algorithms in terms of energy used.

It may be time to consider again what benchmarks should stress. As we consider adaptive algorithms
that are able to autotune to heterogeneous sets of processors we may need to consider a different
set of characteristics and metrics that are captured by existing suites. There may be instances where
replacing data movement by computation provides a saving in energy while maintaining
computational speed.

Conclusions

Energy constraints provide one of the major challenges for extreme computing in the future. There
are opportunities at every level of the computational infrastructure to address the challenges
through both efficient physical hardware but also through more sophisticated use of the physical
infrastructure. An intelligent software infrastructure could reduce the energy use on chip, within a
processor, between processors, between computers, across Cloud platforms and indeed over
international boundaries.

Ultimately our own interest lies in the development of energy-aware algorithms for extreme
computing. We believe that to achieve such algorithms and to see the benefits there will need to be
significant investment in the support of tools and low-level mechanism to allow the profiling of
energy use across platforms. Equally important are standard metrics and computational
benchmarks that will allow agreement on measures of “success”. Just as the linpack benchmark has
come to be seen as the measure of the performance of a computer system we need the equivalent
application/algorithm benchmarks that capture the energy characteristics of any given system.

The future holds continuing complexity in computing systems from the combinations of computing
within the whole ecosystem to the heterogeneity of chips on our laptops. The most effective
algorithms at any given point in time for any specific application are going to depend upon the
choices that can be made given the hardware configurations. In general, at present we cannot even
articulate those choices let alone provision the most appropriate algorithm. This challenge of
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articulation and optimal algorithm design can only be addressed through a co-design approach with
hardware, software and application scientists working together.

While we have focussed here on the energy aspects of the problem, and specifically as driven by
SKA, there are any one of several other key issues that could and should be addressed including the
complexity of the software development for such an infrastructure, the usability of the software
systems, the data management and related semantic issues for such colossal data systems or the
provision of imaging and data analysis in the Cloud. Each of these is a talk of its own — for next time.
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ﬁ;ﬁ : 240x240x64x100x32(Altix, T2K), 240x240x64x128x32(BX900,FX1,5R16k,BG/P)
*  BX900 Nehalem-EP (11.72GF/core,L3-8MB) InfinibandQDR (8GB/s) NA TN v RiEF4SMP
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*  BlueGene/P PowerPC450 (3.4GF/core,L3-8MB) BG/P Network (5.1GB/s) 75w FMPI
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SRFTEEDENDAE
CC MPI START —EERED2RT/I\VIT7EEA

parameter (npex=2,npey=2,npez=2)
parameter (npe=npex*npey*npez,npexy=npex*npey)
integer itable(-1:npex,-1:npey,-1:npez)

parameter(nzz=(nz2-1)/npez+1)
parameter(nyy=(ny2-1)/npey+1)
parameter(nxx=(nx2-1)/npex+1)
parameter(nxx3=nxx+2,nyy3=nyy+2,nzz3=nzz+2)

dimension f(nb,0:nxx+1,0:nyy+1,0:nzz+1)

dimension ftemp1x(nb,nyy3,nzz3),ftemp2x(nb,nyy3,nzz3)
dimension ftemp1y(nb,nxx3,nzz3),ftemp2y(nb,nxx3,nzz3)
dimension ftemp1z(nb,nxx3,nyy3),ftemp2z(nb,nxx3,nyy3)

A B SN -CPURI DT —2E5% 1

do ke isizez MPI TR fi& R DCPU
do jo-1 isizoy ROEEEFLRICT 51
do i=1 isizex DS ARTEEET S

itable(i,j,k)=MPI_PROC_NULL BREDT—TIVELER
end do

c itable(-1:npex,-1:npey,-1:npez)
irank1=0
do k=0,isizez-1
do j=0,isizey-1
do i=0,isizex-1
itable(i,j,k)=irank1
if(irank.eq.irank1) then

CC MPI START
irightx = itable(irankx+1,iranky,irankz)
ileftx = itable(irankx-1,iranky,irankz)

:::::zx:f irighty = itable(irankx,iranky+1,irankz)
iranki=lk ilefty = itable(irankx,iranky-1,irankz)
it irightz = itable(irankx,iranky,irankz+1)
irank1=irank1+1 ileftz = itable(irankx,iranky,irankz-1)
end do C

c CC MPI END

20

D BN SN T-CPURI DT —3RE51%£2

CC MPI START
ftemplx=f(:,is,:,:)
ftemply=f(:,:,js.:)
ftemplz=f(:,:,:,ks)
call mpi_sendrecv(ftemplx,nwyz,mpi_real,ileftx,200,

ftemp2x,nwyz,mpi_real,irightx,200,

mpi_comm_world,istatus,ier)

call mpi_sendrecv(ftemply,nwzx,mpi_real,ilefty,210,

ftemp2y,nwzx,mpi_real,irighty,210,

mpi_comm_world,istatus,ier)

call mpi_sendrecv(ftemplz,nwxy,mpi_real,ileftz,220,

ftemp2z,nwxy,mpi_real,irightz,220,

mpi_comm_world,istatus,ier)

AR O —EEREZFI A

R R R R

R Ro

C
f(:,ie+1,:,:)=ftemp2x
f(:,:,je+1,:)=ftemp2y
f(:,:,:, ke+1)=ftemp2z

CC MPI END ’1
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YATLSL  M9000 .- ..
KIS AEY KT ZaL—2ay
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Four Key Functions of Supercomputer

HPC2500/1536 (scalar-parallel)

Speed FX1/256/—F/102437 (2009.5.18)

cpu 12.48 Tflops 30 Tflops| FX1/768/—F/307237 (2009.10.1)
Main Memory Disc + Graphics
11.5TB 24TB 50TB 1PB —1 Animation,

L 3D Visualization
/
YEal—aviEROFEHRIE
Network

SuperSINET (10 Gbps) TR LE R ALE
E[ET)

3RFTARE (VRML)
VR (Virtual Reality)

28V TORERMELIIEGHEDOER

2RV DRAMEREES EFHTIAS S LR
HERHERED 10-20% BB L L DEEEE T
FWORT—FSEYTAHNRI=NBEMNE R

R/8aVTII5H . WSPPCTITSH 2
ERET—40FREEEST D
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Flat MP1&Hybrid (userdt 51 + B ghifi 51])
[TELLM I ?
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Node IR A —hxExIED BEMFIEE
RT3
NodefllZA—¥—hMREMEDTOERFI
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£55A . Flat MPIEHYbrid [ EB S MNTRIE LR/
avizksd
*Fujitsu FX1(X1node 4 coreT. 1 node N Tl&

HEAE)EED
- #%->T. Flat MPI&Hybrid (Impact) (X EB MV &
B, REEADHE

TERHESWE R/ a0 THNIE, Flat MPIA RIRIZA
HE—RIZEELTOHNTLNS,
FDMDETHA/N\T TFlat MPINREIZHEEEF
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A—/IN—RAHF5—FHN R/ THREIED
W5 TOT5LEERT BICZIE
1. %9, 7RSS LDBEDHINREEE

HHETOEHSEETICTOVSLEEZRTE
B EHEZDZ/ME
EOBRELZITOYYE
HREBEOEELGN B
EHEEHITEFHL TR A (dependencyZfi#<)

a(i)=a(i+))PHTj ITEHTESR

- BEHIDKES. do loopDEIE (FEEELED .
BHINDOERIIEHTES
E M E ZH(LparameterX & FI

29

R—/IN—RAAS—HF R/ TREIED
WETOTSLEERTBIZIE(ZFD2)

PR D EEDEA (2, 3RTHEE S ED
BETE—REHGEETER
Dependency# A REZEFR U BR L BR<
FEDA IS TIXIFTAOFE G XT3 FERAR AT
EHERDOF A
Mask. List vector, Gather and scatter® £ &7 & Fi
ERO—IEL B E—{EERE
ChESEEIASdo loopZ B AT I12EIT

IR XA FIHE BRI ILAE) TEF2EDR RIS
EFESNTREWEGD, — ZOMTITRERIFEIZEL
(BFRATHIE)
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~ ~hy = S A= -
— & S e
4. FX1EHX60085(F % 3 RIEMHD I — F DR HEE PRIMEPOWER HPC2500&FX 1T 0D 3 8 0 H 8k
—
179kl o
#BePy 8% [cPu |4Yd FX1
N i Jo+a 4 fagsn ] FX1 2243Gflops 1024core Flat MPI
AvEa—%3 | TUUFER CORE |3rygy (L7 |B5A |RPSEY |° 2151Gflops 1024core 256node 4thread
L o |(sec) |[M ; 2500
b . |ECPU 5 25 217 2.19Gflops/core
nsec) 2 . .
COREZ = e 2 ® ® 2.10Gflops/core
HPC2500  |1024+1024+1024 |  512|  512|  1| 2487| 2316 1188 & 2000 g 5
HPC2500  |2048+2048+2048 | 1024| 512| 2| 10783] 1253 1283 5 &
VPP5000  |1002+1002%1120 56] 56| 1] 5794 5152 289 < 1500 5
SX6 512+256+256 16 16 1| 0693 20662 331 H S5
|Earth Sim 2048+ 1024+1024 1024 1024 1 062 0.289 296) n ) K
HXG0D 51245124512 64 64 1| 1.451] 10813 692 5 1000 égzwﬂolpzss de thread 8 1
HX600 1024+1024+1024 | 512| 512 1| 1908| 1775 909 5 core Leonode 4threa s
HX600 2048+2048+2048 | 512 512 1]19654] 2288] 1171 2 500 % o5
FX1 512+512+512 64 64| 1| 1337 0964 538 3 5 0
FX1 1024+1024«1024 | 512[  512) 1| 1377] 1283 657 © E
FX1 1024+1024+1024 | 1024| 1024] 1| 0752] 0701 684 0 S o
FXI 2048+2048+2048 [ 512 512 1] 10525) 1225 621 0 500 1000 1500 2000 0 500 1000 1500 2000
24 2048+2048+2048 | 1024) 1024] 1| 5215) 0607 622 No. of Processors No. of Processors
SRIG000  |508+508+508 84 64 1] 1236] 0424 603 . .
SRIBMSMT;U&t;Uﬁt;Q& 32 64 1| 1238] 9448 605 16 PRIMEPOWER HPC2500 CCPU % 14> L 1=15& O &1 B (Gflops) £1CPUH =Y DETH
SRIG000 | 1018+1018+510 256| 256 1| 1256| 2376 608 [ (Gflops/cpu) » -1536 couE TR —SEUTAIEIFRICRL
SR16000SMT|1018+1018+1018|  256] 512] 1] 120] 1223 626 Fujitsu FX1(Z, SRIEMEE A B X vys b vbERELLIRITMHDI—F T
6518 Tc: 1BIBMAT YT £ HOI<ES HCPUBH (sec) 128node, 512coreT22%A\ 541, 256n0de, 1024coreT21%DEIERH.
7518 :Teg: 17 UyRIZDE 1 ABRR TV T £ HHDIET HCPURRM (nsec) 8 = ()= (&1024core Flat MPITT21%
851 B : Teg*Ng: Teg&#8CPU/COREB D (nsec) . BIEA/NSWNEE TR HETRT . 31 AAEHTTORB R © EER. 32
= E £ N
FX1DEEEE 1 FX1DEERE 2
av TngS | Tk %27 | J0tX | BE | CPURHR | BHSTRE | 2% aVEa—4 (7045 |FUvks |#a7 | Jowx |B® | CPUMM |itEEE |p%
Fa—% |4 B WZIH | BHH | (sec) (Gflops) | (%) L # WHI% | WHIE | (sec) (Gflops) | (%)
FX1 1Da 10243 2% | 64 |4 152.0 9 04 FX1 3Db 10243 [1024 [1024 |1 0.645 2096 205
Fxi 1Dba | 10243 128 | 128 |1 2322 6 05 FX1(SMT) |3Db 10243 1024 [1024 |1 0.661 2043 20.0
FX1 1Da 1124*1024*2 | 128 | 128 | 1 28.4 52 41 1 306 102473 11022 | 258 | a 0732 PP 180
Fxa 2ba | 10243 128 | 128 |1 171 IS 62 FX1(SMT) | 3Db 10243 [1024 | 258 |4 0783 | 1810 17.7
FX1 2Da 1124710242 | 128 | 128 | 1 8.23 180 14.1 =1 300 10243 | 2008 |2088 |4 Py 3813 186
Xt 3Da | 10243 128 | 128 )1 732 185 144 FX1 3Db 10243 [2048 | 512 |4 0380  |3555 17.4
X Db | 10243 128 | 128 |1 522 259 20.2 FX1 (SMT) | 3Db 20483 [ 1024 [1024 | 1 5.00 2127 20.8
FX1 2Da | 3072720482 |3072 [3072 |1 17.2 1004 33 = 306 2048~3 | 2028|2028 | 1 572 3979 194
FX1 2Da | 3072°2048"2 |3072 | 768 | 4 19.7 822 27 1 306 204673 |2028 | 512 | 2 288 3752 153
FX1 3Da | 3072°20482 |3072 |3072 | 1 391  |4145 135 > 300 3072 3072 3072 |4 270 5997 195
FX1 3Da | 3072720482 |3072 | 768 | 4 436 |2782 9.1 2048**2
FX1 3Db 3072*2048**2 | 3072 | 3072 1 3.29 4932 16.1 FX1 3Db 3072 3072 | 768 4 2.92 5556 18.1
FX1 aDb | 30727204872 |3072 | 768 | 4 376 | 4321 141 2048772
2Da:2RTHEE 5 E], 3Da: 3Rt &I, 3Db: 3R T MBI +(m,ijk
1Da: 1 RTTHBILA BN, 2Da: 2K RIS B, 3Da: 3RTTHALLS BN, 3Db: 3RITHILHEI +1(m,i,j,k) 3Db,i§§;§§§-;“ i,,,;ﬁﬁjiﬁ?wtrid ( Eﬁﬁgﬁ;ﬁ% ;{)éb\,lﬁ)ﬁg
TUIRBORVA LS TIRABRHISHENEN LT DHENHLIN, DLAHTHERRTED, 33 " 1B S —= 34
—_— » —_— -
FX1DETEZRE 3 HX600M &t B iR E
avEa— ?“El’j’ ORI a7 JotX | BE CPUBERS | FHEEE | 1% avEa—4% | 7ags | JUVRHE | #a7 | FRtex | BE CPURF | StEEE |
j‘AXAJAX e £ WHIE | B | (sec) (Gflops) | (%) L # HEMH | BI | (sec) (Gflops) | (%)
A JAXA HX600 2Da 10243 | 256 | 256 1 4.95 273 10.7
FX1(SMT) [3Db | 20483 256 | 256 | 1 19.8 541 | 213 HX600 3Da 1024**3 | 256 | 256 1 3.56 379 14.8
FX1(SMT) [3Db | 2048**3 1024 | 1024 | 1 5.09 2127 | 208 HX600 3Db 1024**3 | 256 | 256 1 5.22 259 10.1
FX1 3Db | 2048*3 2048 | 2048 | 1 272 3979 | 194 HX600 3Db 10243 | 2048 | 2048 1 0464  |2912 15.9
FX1 3Db | 3072720482 | 3072 | 3072 | 1 270 5997 | 195 HX600 3Db 10243 |2048 | 512 4 0.685 1972 96
FX1 3Db | 2048**3 512 512 1 10.53 1028 20.1 HX600 3Db 1024**3 | 2048 128 16 0.894 1511 7.4
3Db | 10243 HX600 3Da 10243 | 2048 | 2048 1 0.406 3327 16.3
JAXAFX1 [3Db | 10243 1024 | 1024 | 1 0.701 1929 | 188 HX600 2Da 1024**3 (2048 | 2048 1 0674  |2005 9.8
JAXAFX1 [3Db | 10243 4096 | 4096 | 1 0220 | 6160 | 150 HX600 2Da 20483 | 2048 | 2048 1 6.27 1724 8.4
JAXAFX1 [3Db | 10243 4096 | 1024 | 4 0.211 6406 | 156 HXB00 3Da 2048**3 | 2048 | 2048 1 3.54 3047 14.9
JAXAFX1 [3Db | 1000120072 | 5760 | 5760 | 1 0247 | 7338 | 127 HX600 3Db 20483 | 2048 | 2048 1 4.99 2217 106
JAXAFX1 [3Db [100071200*2 | 5760 | 1440 | 4 0228 | 7966 | 138 HX600 3Da 20483 |2048 | 128 |16 3.54 151 15
1Da: 1RIT4EE 5 B, 2Da: 2R L5 &, 3Da: 3RTTHEILS &, 3Db: SRIT LS B +1(m,ij k) 2Da: 2Rt 5 &), 3Da: 3RTHEEL S E, 3Db: SRITHB A +(mijk)
ZIATHOHELEME. JAXA FX1TIES 37 THybrid At Flat MPI&YE BB R D& HH o 1=, z;gg{i-r%ﬁggxgomﬁmJ:L)Ei-ﬁs‘«‘)]%!i{m\. -, BB HELIFHEHE
35 SNZEININGE FDo 36




FX1 Flat MPI

HX600 Flat MPI

100
Number of Core

1000 10000
Number of Core

41

mpifrt progmpi.f -o progmpi -Kimpact -Kprefetch_model=FX1 -Z mpilist

*HX6000Flat MPID 1024 core Tld & & #2.2 Tflops
(#ext2hE21%) £ 1871,

101 ; gimension /’3&% core 10" ComPUtatiO;‘ 1 dimension
— Imension ° — ®
3 e 3 dimension \ ] °le 2 dimension
é ® o /"f \ é e o 3 dimension
= ! . o |o 11536 core “\ = ! o o
S ° e \ S g |°
g ° AHESITEHE g - °
a ° \ I a L °
IS | | I3 communication e
3 107 — 3 107 " °
/ E BIEFBOBIEHNFX1D
/ u Bom |B BEMEATRED
B u =
] =
2 I a k ) m
10 102 103 104 1% 101 102 103 104
CPU or Core Number CPU or Core Number
37 38
N MHDa—FK &Viasova—R TOD tEREST A
~ -
M H D: - I‘ O) 'l‘i HE EEF 1@ NP (MHD) I~ Fta'zn:l— FTm RETHE A MHD) I~ FEF 7973~ FT0
—_ " RUFR—D7 2 HAE) e KUFR—-DFAH(HHMHE)
2,165.9 1024core T&HAI - X
2000 + 15350 - (EEH1EREIOTFlops) . i b ? MHO (128x1 s fcore)
P ‘ lcoredpT=Y256MBIZ S TE 3 w0
é 1500 11,469.8 | 2
i CFY ] 5
g 1000 uyz 5
 xyz2 53 ElTypeA
500 ¢ u xy2 53 FTypeB 10
0 | I : I
HX600 _ TypeAf(],J, k) m) .W!IBGA?UIDIHWT . . 1 Viasov (40x20w30x30x30/ core)
BABEIDRTEE — Type B:f(m, i, j, k)
s TERE L KAEMES . m AEMES
SRCEMTERICER 7/ EX . B W &t m e W e @ @ o~
HPC2500CIZEME 1= 7z 9 9 F4 g 23 Fg F% 7T I F3 ET D 7%
£ 25 23 2£ 83 &% §2 £% 83 5% 2 &% % £2
« EXLIZHPC2500& R AR g E gepisy i g 3E ag 8381 &
* HX600[&SSEA 5 21 i 3" z § 3&R
c EMMREIEELDEH21% 5 g | 40
Ny — = -~ -I: O
3D MHDa—RIZ & 35+ 233 0D Lo 8 ZRA/NAVDEED
(GFlops) o ~ —_ =
100000 BEHERPERER L A—OH RNV AT LIXER
D3RFTMHDT AT S LEANTHFLIZEEYDHEREMN
FX1/JAXA TTWB,
- 10000
Q
2 SR16000 (SM%// EEAXFERFREREBR L A—TH—DT RS
§ 1000 HX600 a2 ThHAFX1IEFlat MPI0D2048 core Tz mi&R
g 4.3 Tflops (#5311 321%) = L 1=,
g- ——HAB000(2GB) 1024 core T i iR[F2.2 Tflops (XTI ZNE22%) ,
S 100 / o SR16000 mpifrt progmpi.f -o progmpi -Kprefetch_model=FX1 -Z mpilist
HPC2500 FX1DNATY YR (T ORI 5|+ BEifisl) (X512
e patees) node 4 thread 4.1 Tflops (33 %1%20%) £ 157=.
10 |- —&—HX600(4GB)
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5. BAORNIAVDFEREDLE LB
MHDO—FR DRV FI—IT X+

10°
™y FX1@Nagoya
210°
g SR16000@Kyushu _»"
e
D10}
0% HX600@Nagoya
it (Fujitsu) T2.K@T(.)kyo
£ i (Hitachi)
5 Y,
2ol o
c10F ; //
© =

10°

—

4 16 64 256 1024 4096 16384
Number of Cores 43

75Y 72— EEET
10 Icoredpf=Y1GIZERELT=
i@axa .| BORT—ULY

SR16000@ Kyush/u/ -

FX1@Nagoya =
HX600@Nagoya

ELERE(x,y,z)EMPI FI
1 £ 72 % OpenMP i 51|

%4096&12032(FJAXATET A

./~

Computing Speed (GFlops)

/ T2K@Tokyo
1o - (Intel, PGI)
1 4 16 64 256 1024 409616384 - v
Number of Cores 4: ’
* HX600 TR &N 14 AEFI15%
-« FX1CIERAPERERI12% 4, ﬁ
2 A

-T2K@EKEIFEIFRIE

@ BADR—/N—O 11— 3DFHEREED LB
WHARIRVETEHNSBA TR DS EHET
- NYkJL#: Fujitsu: VPP5000. NEC: SX-6, SX-8R. SX-9. ES

- XA 5 (x86B4<) : Fujitsu: HPC2500, FX1, PRIMQUEST, Hitachi: SR16000
- X86#% : Hitachi HA8000. Fuijitsu HX600. Sun: TSUBAME. Fuijitsu PRIMERGY

SX-9 64/64 2058 6553 31 2RT a7d 1%
HA8000  8192/1024 10038 75366 13 3RTA Opteron
HX600 1024/256 2166 10240 21 3RITA Opteron
FX1 1024/256 2081 10240 21 3%k5tB SPARC64VII
SR16000 1344/672 5375 25267 21 3Rk TtB POWERG6

@core  1.0000 0.0400 0.0658 0.0632 0.1244

@CPU 1.0000 0.1595 0.2631 0.2528 0.2487
45

FLWLEATIZDLT
SMT (Simultaneous Multithreading) [Z & %hH ?
Core A CHHBDETALYRZRFICETT HI0
Tyt OHRE
Node — Multi-Core — Multi-Thread

H3IISR16000TCIZSMTHEMNEZEIZEHN D
E1@FX1TIESMTHI R [T

SMTHRa7 REFEEMMN O DLHEEET A H T EERT
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99. 99%AIBA S FNILEL20%FEE L E
DX N EEBDI=HDE

1. 7093 LDAERSH TETNDdo loopZ i 5k
(1ETEELEZEA)

2. £T®Mdo loop T F|{ELOKDRFEAH TERIL LTI
LMFREL (PO FE M XIT BRI ZEDQ I 5 {EE Do =121
MBENLEN) FEAEDISEHEERE

3. ifXPEMH (dependency) ZiiF1E 3 51=8HIZ(F.
Mask, List vector, Gather and scatter® i h 5
RLBEUVELDERLBEULHETHEIDBELHD

4. AT BHBEITITHE MEOCPUD AT HHE)
FHZDWLELHD

5 BREDTAMIBRAEOCPUERAWT, HEEZEHLT
ExshFEERATHL
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SHREHINEE

1. Core##1-1075EEEICHE O LI-5E Bscalability
FRI=NDM 2 (ESLELFRITESN?)

2. BEFERBITRMLRAYIIZLELEDOMN ? CORFRE
BREEISRTICIEESTRIELL DM ?

3. CacheDEVRERZEIZEIFBIZIFESTHDOI?

4. Flat MPI&Hybrid (Ot R 5|+ BB i 51) &
CoreINtEZ 1-F5. ELELNEMBLDHN ?

5. ZN\AVDEBEICEI-TENERDTOIS LK
BRHZDOH (FX1EIET2KE) 2
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6. HERBESE® 3 XFITMHD & Viasov
Z2al—Y a3k

EDVATLIZEWTHIFIZBR GRS —3E )71

CEDVRTFLIZENTEH, EMMMEE10 - 20% L1 E

5&I(E, 128 - 1024 7 QBIIFEIZEY R —IL
s & OMREHE

K ERGEENSEY O—/\)LMHDY2aL— a3y
KPR —IILBREDE—REISYIVIaL— 3y

49

0 [, - J
4 times / 3 years or 10 times / 5 years
4096*4096*4096
W EFFTF T v B EEEEE BRI
2D and 3D E' L iphiD 4 times/ 3 years , 48[2048*2048
MHD [ «e2DMHD or ) ; gt )
[ . ADENART 10 times’ Syears

Simulation  ''f

BETAKZ. o
5£T106E
BEOEE
THERE
HEX

9

<%

Total Grid Number, N
=

<
r

(a0 0 I
1975 1980 1985 1590 1995 2000 2005

1 2008

|
2010Year 50

A& :#110/FCPURLE
Peta Flops \
Rt 283y | BABREEHE
(RA3V) ;
\ ElE
/ {i I T A—hEDFI AR

. ERELTERARE

KREHE
R SavFRE B2
AR EAERREEL SRR #oR
o A—Z/8ay BB cEEH A
HEE)
EEETOHY .
Z/aVFIRE H3E

(ARZEIAVE21—2FIAE)

ZLEXRPIEREEREB L 2—OR/NOVFAE

HIESE - 3aL—av DEERE
E1E BARMHE HRESERY S— DR/ A EBX TORA
(cpuZt 1000 EEHEZ ), XA FIAHBE
2/ KR T FRERE R 5~ R/ O ERREIFIA

(cpu$t1000F2EEZET)
¥3B TRBETOHE . KTIL—THEDISRS—stE#THEE T
(cpu$t100f2EEZET)

REAVF AOHEEE D EEH (B EHEKRF)

3% AMHDELR O HIEA
AT RO BASEEEIEHE 4—6.

BoNYEDYIal—i 3y =] e T o o
SRR RI=B I HERRE S g%gﬁg e

R K kAR FnE
T5Y7L3aL—Lar TRABERSEOIRT:ES MRS
DFBNERICLIBERBRROEEAE
KIFEIERME A EREORRAEZORA
ERDFOIULKEET R IaL—1a>

10: BEEEAEFRIIaL—ay

1M: EQN—FvILYTIT1

O©CONOUGPHWN =

NoHT-ETEHERDEERNEE . 12: BEEGIETYTERN-SIEEBH O 52
KRS HEENE
1. E}T%"E.E%%E:*‘);Z'\“—Xlifslf%ﬁ.éiﬁfaﬁﬁé(ﬁﬁﬁ@ﬁﬁaﬁﬁtﬂﬁ%ﬁﬁ’&ﬁﬂﬂ) 7 . 3:- &&)
2. HEDHE:

ABHHRROFERBISIAIAIREDHEICEDEERRETRILF— - PEEHE
TSXTERENLTOTIOEAY Ry —)UiEE D IR MEDfER

3. SHEDOME :MHD. EEMHD RUFRAET ILIC&SY O—/\LPSal—ay

4. WMELETHIEE: 3RTMHD I—FT20%U EDEEHELNE (1024 cpu)

5. REAAVTASLDEZDEHEHIE
4096 NIEDHEF AERALTEANDHPC2500 T10,000 BREDA—4 —D5tEE
*ZifA, Hall MHD | RUT SR ERERIADIEE ~DIREDHEN

LR E O RN KISGE T S SRR OB
A AR DIRTTL Sl —Tay

magnetic plasmoid
reconnection l

D= & SR RS2 AR D
AR 2R 5 h SRR A D
3RFETIZal—2ar

A—IN—RA5—it 5| R—/\—aE1—4T
RERDAHNFETOT S LEERT 5101
1. 70T S LDEBEEHEILTHIEN
=B EE (Dependency D7 VEE)
2. ¥yylaDeEvhEERKIE
3. BIEENH/MLE—EERE
NOERBELT. BLADR/RaVIZENT,
EINFEIL10 - 20% L EEERL
4. TRTSLYAXDHR/MEIFSEDBEZ
(TRTAETHRES BN FEATA, ERAFEMN ?)
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FX1&EHXB6005 &5 E

FX1DEEEE : 1 kwa—k (1)
ARFTEFH(1)MHDI—RIEAE)ER/MELI=TOT S A
EE D EEREFIATERLOTHLL A —(TRT L)

NEEOBRNNE

av J0u5 | SUvks ©a7 |70tz | BB | CPUKR | HEEE | BE
Ea—% | L # WHIH | WHIL | (sec) (Gflops) | (%)
FX1 1Da 1024**3 256 64 4 152.0 9 04
FX1 1Da 1024**3 128 128 1 232.2 6 0.5
FX1 1Da 1124*1024**2 128 128 1 28.4 52 4.1
FX1 1Da 602*402*402 256 64 4 0.417 294 1.5
FX1 1Da 902*402*402 256 64 4 0.704 261 10.2
FX1 1Da 1124*1024**2 128 128 1 8.23 180 141
FX1 3Da 1024**3 128 128 1 7.32 185 14.4
HX600 1Da 512**3 64 64 1 4.06 42 6.5
HX600 1Da 1024**3 256 64 4 9.81 138 5.4

1Da: 1R IT AR5 Bl +1(i,j,k,m)

2Da: 2R FTHBLR 5 B +£(ij,k,m)
3Da: 3RITEBIE S B +1(i,j,k,m) 3Db: 3RITHEEL S B +(m,ij k)

IRFTEES BRI BEEN RARUSH LY DHERESALN S,

m: MHDAFEX DA 5>
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avEa—2 | JUvRH a7 | 70tX | 8% | CPUKR | HEEE | X

# WHI | WHIH | (sec) (Gflops) | (%)
FX1 62+32*32 4 1 4 0.0227 35 8.8
FX1 602*302*302 4 1 4 14.4 4.8 12.0
FX1 802402402 4 1 4 326 5.0 125
FX1 1002*502*502 4 1 4 65.7 48 121
FX1 50*50*26 4 1 4 0.0238 34 8.6
FX1 402+402+202 4 1 4 8.78 47 1.7
FX1 602602302 4 1 4 28.9 4.8 1.9
FX1 802*802*402 4 1 4 66.7 4.9 122

f(i1): i1=i+n1*(j-1)+n2*(k-1)+n3*(m-1), n1=nx2, n2=n1*ny2, n3=n2*nz2
(i1)=f(i,j,k,m), f(n4)=f(nx2,ny2,nz2,nb), n4=n3*nb
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