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ABSTRACT

The scientific simulation capabilities of next generation feghd

computing technology will deend on striking a balance among

memory, processor, /O and local and global network

processor technology with the second generationdCr ay 6 s
communication accelerator in a system design whose balance isiev en't

claimed to be driven by the demands of scientific simulafibis

1. INTRODUCTION

In our quest to develophe capability for petascale scientific
simulation for both longerm strategic and economic advantage,
we face numerous challenges. The suitability of next generation
performance across the breadth of the scientific simulation spacehigh performance computing technology for petascale simulations
The Cray XT4 combines commodity AMD dual core Opteron will depend on balancamong memory, processor, I/O, and local
and global metwork performance. As we approach technological

horizonso in memory

paper presents an evaluation of the Cray XT4 using micro system balance becomes ever endifficult. In this context, we

benchmarks to develop a controlled understanding difigual

comprehending the performance of several petaseafty

present an evaluation of the Cray XT4 computer system. We use
system components, providing the context for analyzing and micro-benchmarks to develop a controlled understanding of
individual system components, and then use this understanding to

applications.Results gathered from several strategic application analyze and interpret the performarafeseveral petascateady
domains are compared with observations on the previousapplications.

generationCray XT3 and other higlend computing systems,

demonstrating performance improvements across a wide variety2. CRAY XT4 COMPUTER SYSTEM AND

of application benchmark problems

Categories and Subject Descriptors

C.4 [Performance of SystehsMeasurement techniques
Performance attribute€C.5.1Lar ge and
Computers Supercomputers.

General Terms
Measurement, Performance.
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Medi um

SOFTWARE OVERVIEW

The Cray XT4 is an evolutionary descendant of the Cray XT3 line
of supercomputers, upgrading the processor, memory, and

network technologies and preparing the architecfor additional

on-§itMRdhriblody apgradedve begin with a description of the

XT3.

Designed in collaboration with Sandia National Laboratory under

the RedStorm projedil][2], the Cray XT3[3][4][5] has been
called Cray6s third
(MPP) supercomputers, folving the lineage of the Cray T3D

and T3E systemsThe machine was designed around the AMD
Opteron processor, a scalable custom interconnect (Cray SeaStar),

and a lightweight kernel (LWK) operating system, Catamount.

The AMD Opteron 10&eries processavas selected for the Cray
XT3 system because it provides good floating point performance

with high memory bandwidth and low memory latendy.

compelling feature of the AMD Opteron architecture over
AMDOG s
specification. HT technology is an open standard for
communicating directly with the CPU, which allows Cray to

competing processors i s

generati on

| atenc
I/O bandwidth, and network latency and bandwidth, achieving

[o
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connect the Opteron processor directly to the SeaStar networkSeaStar2 networks are lhdompatible, meaning that Sgar and
AMD also moved the memory controller from a separate SeaStar2 NICs caoo-exist on the same networkhe SeaStar2
NorthBridge chip to the CPU die, wihi reduces both complexity  increases the network injection bandwidth of each node from
and latencyBy choosing the 108eries (single CPU) parts rather 2.2GB/s to 4GB/s and increases the sustained network
than the 200(dual CPU SMP) or 800(quad CPU SMP) series  peformance from 4GB/s to 6GB/sThis increased injection
parts, Cray was able to further reduce the memory latency to lessandwidth corrsponds with the increasedemory bandwidth of
than 60ns by removing the added latelf memory coherency DDR2 RAM. Our study demonstrates the overall impact of the
[5][6] combination of these new features on system balance in the XT4.

The CraySeaStar interconnect is a custom, 3D toroidal network Cray XT3/XT4 system use CFSO6s Llustrdaisan f i | e ¢
designed to provide very high bandwidth and reliabilithe objectbased paralldfilesystem, where one can think of an object
SeaStar NIC has a PowerPC 440 processor with a DMA engineas an inode in a traditional filesgst. A Lustre filesystem has one

onboard to reduce the network load on the Opteron processoror more Object Storage Servers (OSSes), which handle interfacing

Each NIC hassix links with a peakbidirectional bandwidth of between the @nt and the physical storagéach OSS serves one

7.6GB/s and a sustainebidirectional bandwidth of more than or more Objet Storage Targets (OSTSs), where the dibjects are
6GB/s.The network links actually exceed the HT bandwidth with stored to diskThe term #Afile strigoingo r
the Opteron processors, ensuring that one node is not capable dDSTs used to store a filEor example, if a file has a stripe count
completely saturating thestwork bandwidth. of four, then it is broken intmbjects and stored diour OSTSs.
Thefilesystem namespace is sedvby a Metadata Server (MDS).

All metadata operations, including opens, file creatigte,, are

handled by the MDSAt the time of writing, Lustre supports

having just one MDS, which can cause a bottleneck in rattad
operatons at large scale@n the XT3/XT4 the MDS and OSSes

are run on the Service and /0O (SIO) nodes, whiah aufull

distribution of Linux.Computenode access to Lustre is provided

It was deemed critical when designing the Cray XT3 system that
the OS should minimize interruptions to the rumgnapplications

( AOS jThustwhile thg¢ XT3 service and login nodes run a
complete Linuxbased OS, the compute nodea a microkernel
OS. This combination of operating systems is called UNICOS/Ic
(Linux-Catamount) Catamount was initially developed by Sandia
National Laboratory to support scaling the Cray XT3/RedStorm

h ds of B d S - Cin the form of a staticaly | i nked | i &igueerly , il
system to many thousands of processars. t o ramoust elow shows the architecture of Lustre on a Cray XT3/XT4
supported just one thread of execution per node and reduce ystem

signal handling to minimize interruptsAdditionally, it took

advantage of the single thread of execution to streamline memory
managementTo enable the use of dualor e Opt er on:
nodeo (VN) sumpyNmede waheadhaodaded: User Application =
is divided evenly between the corddowever, theVN mode liblustre
design is inherently asymmetric, with only one core handling fortels/catamount 1~

|

] XT4 Torus Ntwk osT

Compute Node

0osT

system interrupts and NIC access, leading to the potential for
imbalence in per-core performanceln particular, in the current
MPI [7] implementation, one core is responsible for all message
passing, with the other core intepting it to handle messages on

Compute Node

User Application

liblustre

Portals/Catamount

g‘ e

=]

its behalf. Messages between two cores on the same socket ar
handled through a memory copyhe XT nodes can also be run in
Afisinglel/lserial nodeo ( SN) mo d
but has full accessto alloftheo d e s memory and

|

|

Compute Node use
User Application

liblustre
Portals/Catamount

|
dl

Cray XT4 compute blades fit into the same cabinet and connect to
the same underlying Cray SeaStar network as the Cray XT3,
allowing both XT3 and XT4 compute blades teeast within the
same system. Three major differencestex&ween the XT3 and
XT4 systems.First, the AMD Socket 939 Revision E Opteron 3. EVALUATION SYSTEM
processors have been replaced with the newer AMD AM2 Socket

Revision F OpteroriThis socket change was critical to ensure that CONFIGURATION
duatcore XT4 systems can be sitpgraded to quhcore
processors, just as the original singtge XT3 could be site
upgraded to dual cordhe AMD Revision F Opteron includes a
new integrated memory controller with support for DDR2 RAM.
The upgrade from DDR to DDR2 memory is the second major
differene bdween the XT3 and XT4 system¥/hen the Cray
XT3 migrated from single to dual core, there was no change to
memory bandwidth to matcthe additional processor corBy

Figure 1. Lustre filesystem architecture

Results cited in this paper were collected on the Cray XT3/XT4 at
the National Center for Computational Sciences (NCCS) sited at
Oak Ridge National Laboratory (ORNLJhis system consisted
originally of 56 XT3 cabinets with 5,212 2.4GHz, dmgore
Opteron processors and 2GB DER0 RAM per nodeln 2006,
the system was upgraded to 2.6GHz, demdre Opteron
processors, and the memory was doubled to maintain the
2GBJ/core levelDuring Winter 2006/2007, an additional 68 XT4

: . . cabinets were instald, containing 6,296 duabre Revision F
upgrading to DDR2 memory, the effective memory bandwidth to Opteronprocessas with 2GB/core of DDRB67 RAM. At the
each processor core impes from 6.4GB/s for DDROO i £ writing. the XT3 and XT4 cabinets h b bined
memory to 10.6GB/s for DDR867 memory and 12.8GB/s for Ime of writing, the an cabinets have been combine

DDR2-800 memory. Finally, XT4 introduces the SeaStar2 into one machine. Experiments on this combined system can be

network chip toreplace the original SeaStarhe SeaStar and run u_sing only XT3 or only X.T4 nab, and our eva_luation Is
ongoing. As part of this evaluation, XT4 performance is compared



both with the original X3 system using singleore 2.45Hz network performance, nodecal performance, and global
Opteron processas and with the duatore XT3 system when  performanceNetwork performance is characterized by measuring
results are availableSystem details are sumnsed in Table 1. the network latency and bandwidth for three communication
Other systems used for comparison include the IBM SP and IBM patterns:naturally ordered ring,which represents an idealized
p575 clusters at the National Energy Research Scientific analogue to nearest neighbor communicatimmdomly ordered
Computing CentefNERSC) sited at Lawrence Berkeley National ring, which represents nelocal communication patterns; and
Laboratory, the IBM p690 cluster at ORNL, the Cray X1E at the pointto-point or pingpong patterns, which exhibit low
NCCS, and the Japanese Earth Simulator. contention. The node local and global perforomnare
characterized by considering four algorithm sets, which represent

Table 1. Comparison of XT3, XT3 dual corg and XT4 systems four combinations of minimal and maximal spatial and temporal

at ORNL locality: DGEMM/HPL for high temporal and spatial locality,
FFT for high temporal and low spatial locality, Stream/Trassp
XT3 XT3 Dual- XT4 (PTRANS) for low temporal and high spatial locality, and
Core RandomAccess (RA) for low temporal and spatial locality. The
Processor 2 4AGHz 2 6GHz 2 6GHz performance of these four algorithm sets are measured in
single-core dual-core dual-core single/serialprocess mode (SP) in which only one processor is
Opteron Opteron Opteron used, embarrasingly parallel mode (EP) in which all of the
processors repeat the same computation in parallel without
Processor 5,212 5,212 6,296 communicating, and global mode in which each processor
Sockets provides a unique contribution to the overall computation
Processor 5,212 10,424 12,592 requiring communication.XT4 results & compared to th
Cores original XT3 based on the 2Z3Hz single core Opteron.
Memory DDR-400 DDR-400 | DDR2-667 5.1.1 Network latency and bandwidth
Memory 2GB/core 2GB/core 2GB/core Figure2 shows that XT4 delivers roughly 45 test case network
Capacity latency inSN mode an improvement ovehé singlec or e XT3 0 s
order of fus latency. However, i’N modeaccess to the NIC can
Memory 6.4GB/s 6.4GB/s 10.6GB/s become a bottleneck, resulting in significantigher network
Bandwidth
Interconnect Cray Cray Cray i
SeaStar SeaStar SeaStar2 i
Network 2.2GBJ/s 2.2GBJ/s 4GB/s 16 oxs
Injection " mxesl ||
Bandwidth » R Seolind [ I

Cray provides three compiler options on its XT4 supercomputers:
the Portland Group compiler, the GNU Compieollection, and

the PathScale compiletnless otherwise noted, results in this
paper were obtained using the Portland Group v6.2 compilers with
Message Passing ToolKit (MPT) v1.5 and scientific/math library PPmin PPavg PPmax NatRing RandRing
functionality provi d¢éwhichbnglud&r a, .. ... . oco<. « . . . «.

Cray FFT, LAPACK, and 8LAPACK interfaces) and the AMD Figure 2. Network latency

Core Math Library (ACML).

4. METHODOLOGY #

Our system evaluation approach recognizes that application s mxrasn ||
performance is the ultimate measure of system capability, but that _ oxTan
understandingaa ppl i cati onbés interact
a detailed map of the performance of the system components.
Thus, we begin with mickbenchmarks that measure processor,
memory subsysterrgand network capabilities of the system at a
low level. We then usehé insights gained from the miero
benchmarks to guide and interpret the performance analysis of
several key applications o Th

5 . M | C RO ) B E N C H MAR K S PPmin PPavg PPmax Nat.Ring Rand.Ring

5.1 High Performance Computing Challenge
; latenciesi approaching 18s worst case network latency for

Benchmark Suite PP , i

larger configurations, though this can be expected todugpas

the XT4 software stack maturdsigure3s hows t he- XT46s

Network Latency (microseconds)

BXT3

15

Network Bandwidth (GB/s)

05

Figure 3. Network bandwidth

The High Performance Computing Challenge (HPCC) benchmark
suite [9][10][11][12] is composed of benchmarks measuring



pong bandwidth has increased to just over 2GB/d is e X T 3
1.15GB/si a result of nearly doubling the injectidrandwidth
due to SeaStar26s improved ha
to the Opteron processor. Comparing XBN mode to XT3
across a broad range of problem sizes, the natural and random rin
bandwidh has improved. In VN mode, XT4 also improves the
natural and random ring bandwidtler socketelative to the XT3;
however, theper corebandwidth in VN mode is slightly worse
than the XT3.

FFT (GFLOPS)

w
m

5.1.2 Compute node performance

Comparing FFT results between XT3 andi4XSN (Figure4), we
seethe impact of a faster core (2.4GHz vs. 2.6GHz) and faster
memory parts (DDRIOO vs. DDR2667), which collectively
account fora 25% performance improvement, largely attributable
to the memory improvement. In the cased@EMM, we observe

t hat t h e GHX Tofed deliver .aGmall clock frequency
driven improvemeno v er t h e GHg Tc&ds figurz 5)4
Furthermore, we note that higemporallocality memory access
patterns of both FFT and DGEMM sulffer little degradation in the
percore performance when both cores are actare] are thus
relatively immune to the potential performance impacts of sharing
one memory controller between two cordgie RA benchmark
(Figure 6) demonstrates that multbre is not a universal answer

to processor performance requirements. The XT4 SP mode RA
results demonstrate improvement over XT3 due to a slightly faster
processor and faster memory clock speed. However, in EP mode
we see that thpercore RA performance is half of the SP value
falling behind the pecore XT3 result due to an essentially
unscaled memory subsystem, resulting in the gaensocketRA
performance regardless of whether one or both cores are active
The Stream resul{gigure?) are similar in that the faster memory
parts and faster processor improve the-quaket performance
over XT3, but that utlizing the secdncore offers little
improvement over just one core for problems with high spatial
locality but low temporal locality.

5.1.3 Global benchmarks

Like DGEMM, HPL demonstrates the promise of mulire
(Figure 8). On aper-core basis, the XT4 demonstrates nearly
clock-frequencyproportional speedp over XT3 inboth SN and

VN modes. Moreover, on g@ersocket basis, XT4 shows
significant improvement over XT3. Basesh the SP/EP FFT
results, one might expect MPFT to behave similarly to
DGEMM and HPL; however, the resultBigure9) are somewhat
different. MPFFFT on XT4 is faster than XT3 on @er-socket
basis for either SN or VN mode, but onpar-core basis, VN
mode performs much worse. This can be attributed to the NIC
bottleneck which results from the current NIC sharing
arrangement in VN mode. Again, wepect that this will improve

as the XT4 software stack matures, particularly with respect to
more efficient multicore utilization of the NIC and protocol
of fload onto the SeaStar2ds
bandwidthsensitive PTRANS benchmarkigure 10) shows that
multi-core is not a panacea. On the contrary, the PTRANS
performance per sockdbr the XT4 vs. XT3 is essentially
unchanged, falling within typical variances for PTRANS due to
job layout topology. This is a function of the Sea$taBeaStar
interconnection link bandwidth which did not change from XT3 to
XT4. Furthermore, the depiction of the gmre VN mode results
demonstrate that network injection bandwidth improvements had
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little effect in the case of PTRANS. Like Streams, algorithms
dominated by spatial locality see little improvement, if any, over
the XT3. Finally, the MPRRA benchmark FKigure 11)

demonstrates the negative impactuiltiple cores her e XT406 s

SN mode shows a slight improvement over XT3 due to a
convergence of three factors: core frequency, memory
bandwidth/latency, rad network injection bandwidth/latency. In
contrast,VN mode XT4 is slower bothper-core and per-socket
than XT3 (andSN mode XT4) due to the increased network
latency ofVN modethat overwhelms all other factors, resulting in
overall poorer performance.atency improvements to the VN
mode NIC sharing i directly impact this result

5.2 Bidirectional Latency and Bandwidth

To provide additional detail on MPI communication performance,
data from two additional experiments were collected. The first
experiment masures the bidirectional bandwidth for a single pair
of MPI tasks when the two tasks are assigned to cores in different
compute nodes fi0-1 internodé). The second experiment
measures worst case bidirectional bandwidth for two pairs of MPI
tasks when twoasks in one node are exchanging data with two

Bidirectional Bandwidth (MPI)
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Figure 12. Bidirectional MPI bandwidth
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Figure 13. Bidirectional MPI bandwidth



tasks in a differeft+2pdei s0 nspdctialshing agiasglary solfefR8], and a finite vlume semi
Figure 12 and Figure 13 are plots of the MPIbidirectional Lagrangian solvef24]. Our benchmark problem is based on using
bandwidth as a function of message size, wiégare 12 uses a the finite volume (FV) dycore over a 361x576 horizontal
log-log scale to emphasize the performance for small messagecomputational gd with 26 vertical levels. This resolution is
sizes andFigure 13 uses a lodinear scale to emphasize the r ef er r ed -gtroi da,sO tahned fivbthi | e it i s g
performance for large message sizes. From these data, the duaturrent computational climate experiments, it represents a
core XT4 bidirectional bandwidth i¢ &east 1.8 times that of the  resolution of interest for future experimenfBhe FV dycore
duatcore XT3 for message sizes over 100,000 Bytes. For largesupports both a @dimensional (1D) latitude decomposition and
messages, the twgair experiments achieve exactly half the per a twodimensional (2D) decomposition of the computational grid.
pair bidirectional bandwidth as the singlair experiments, The 2D decomposition is over latitude and longitude during one
representing identicadompute node bawidths. Bandwidth for phase of the dynamics and over latitude and the vertical in another
the singlecore XT3 lags that of the duabre XT3 for all but the phase, requirip two remaps of the domain decomposition each
largest messages, but it achieves the same peak performance. Fimestep. For small processor counts, the 1D decomposition is
small message sizeduatcore XT3 performance and duzbre faster than the 2D decomposition, but the 1D decomposition must
XT4 performance are identical. Howevkatency for the twepair have at least three latitudes per MPI task and so is limited to a
experiments on the duabre systems is over twice that of the maximum of 120 MPlasks for the Egrid benchmark. Using a
singlepair experiments. This sensitivity of MPI latency to 2D decomposition requires at least three latitudes and three
simultaneous communication by both cores will be evident in vertical layers per MPI task, so is limited to 120x8, or 960, MPI
some of the application benchmark results. Bnainglecore tasks for the BEgrid benchmark. OpenMP can also be used to
XT3 latency is much worse than that on the eamk systems. exploit multiple processors ep MPI task. While OpenMP
However, data for the singlemore experiments were collected parallelism is used on the Earth Simulator and IBM systems for
more thantwo years ago, and the performance differences are the results described Figure, it is not used on the Craystems.
likely to be at least partlydue to changes in the $gm software.

6. APPLICATION BENCHMARKS 10
The following application benchmarks are drawn from the current
NCCS workload. These codes are large with complex
performance  characteristics and numerous dgpecton g
configurations that camot be captured or charactenizadequately 5
in the current study. The intent ither to provide a qualitative 2 %
view of system performance using these benchmarks. In 52
particular, despite the importance, /O performance is explicitly £
ignored in these application benchmarks for the tipmalcreason El
that 1/0 would be overemphasized in the relatively short, but @ -2 Y R I S
numerous, benchmark runs that we employed in this study. ) , Cray XT4 (dual-core, 2.6GHz, SN) —_
. : 4 Cray XT4 (dual-core, 2.6GHz, V) -
6.1 Atmospheric Modeling A Gray XT3 (duak-core, 2.6GHz, VN) —
The Community Atmosphere Model (CAM) is a global 0 .. CreyXTs(chglesor, 245M ‘
. . . . 0 100 200 300 400 500 600 700 800 900 1000
atmosphere circulation model developed at the NatiSc#&nce MPI Tasks

Foundatiods National Center for Atmospheric Research (NCAR) .
with contributions from researchers funded by the Department of Figure 14. CAM throughput on XT4 vs. XT3

Energy (DOE) and by the National Aeronautics and Space Figure 14 is a comparison of CAM throughput for the-goid
Administration [16][17]. CAM is used in both weather and benchmark problem on the singlere XT3 and on the duabre
climate research. In particular, CAM serves as dlrmosphere XT3 and XT4. Comparing throughput between the siugies
component of the Community Climate System Model (CCSM) XT3 and the duatoreXT3 and XT4 when running i8N mode
[18][19]. the impact of the improved processor, memory, and network
performance is clear, though software improvements may also
play a role in the performance differences between the stogée

and dualcore XT3 results. Compang performance between the

. o ‘ dualcore XT3 and XT4 when running MN modedemonstrates
mixedmode parallel application code using both MPI and 5 similar performance improvement due to the higher memory
OpenMP protocol§21].  C Apédosmance is characterizéd by e tormance and petwork injection bandwidth for the XT4. As
two phases: fidyn a fihecdgnamics phdse fi %chc&éd'in%ﬁe‘ nflcrbenchmarks, contention foremory and
advances the evolution equations for the atmospheric flow, Whl|ef0r network access can degrade performanca/lih mode as

the physics phase approximates subgrid phenomena, including:ompared tSN mode on a per task basis. Howevey modeis
precipitation processes, clouds, lerand shortwave radiation, fiwa s tas mang processor cores as it is usind so the 10%
and turbulent mixing16]. Control moves between the dynamics improvement in throughput compared ¥\ mode co’mes at a

‘?”d the physics at least once during each_ _model SImul"J‘t'onsignificmt cost in computer resources. For example, comparing
timestep. The number and order of these transitions depend on th%erformance using 504 MPI tasks 8N mode with using 960

configuration of numerical algorithm for the dynamics. MPI tasks inVN mode thus using approximately the same

CAM implements three dynamical cores (dycores), one of which humber of compute node¢gN modeachieves approximately 30%
is selected at compitéme: a spectral Eulerian solvg22], a better throughput.

For this evaluationwe ported and optimized CAMersion 3.1
(available for download fromthe CCSM website at
http://www.ccsm.ucar.edu/as described in[20]. CAM is a
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Figure 15. CAM throughput on XT4 relative to Figure 16. CAM performance by computational phase

previous results also have qualitatively similar performance for the dynamics, but

Figure 15 compares CAM throughput for the-@id benchmark the fact that the IBM uses OpenMP makes it difficult to compare
problem for the Cray XT4 and for the following systems: performance details between the systems. Comparing XT4

A Cray X1E at -GRamingProtesasi(MIm) | tperformance in SN andN modes, 70%o0f the difference in the

each capable of WFlop/sfor 64-bit operations. MSPs are fully dhysms for high task counts is due to the difference in time

ne . required in the MPI_Alltoallv calls used to load balance the
connected within 3MSP subsets, and are connected via a 2D physics and to communicate with the imbedded land model.
torus between subsets.

Similarly, much of the performance difference beéw SNmode
A Earth Si mayvactoonSMP nodles @nd & 640x640 and VN mode performance in the dynamics occurs in the MPI
singlestage crossbar interconnect. Eachkcter processor is ~ Communication in the remap between the two 2D domain
capable of &Flop/s for 64bit operations. decompositions. These results agree qualitatively with those from
the micrebenchmarks when comparing MPI performance in SN
A 1 BM p690 cl usWwayp690aSMP i@&eN and an2 hnd ¥\ modes, with the same expectation that the difference in
HPS interconnect. Each node has two HPS adapters, each witlyerformance will decrease as the software stack matures. OpenMP
two ports. Each processor is a Gz POWER4 and is capable of s aiso expected to provide a performance enhancement when it
5.2GFlop/s for 64bit operations. becomes available on the XT4 by allowing fewer MP! tasks to be

A 1BM p575 cl us tway p5ztSMANBdRS ahd ysedand gylbwing us to restrict MPI communication to a single
an HPS interconnect witbne two-link adapter per node. Each ~ COre per node.

processor is a 1.9& POWERS and is capable of GBlop/s for In summary, CAM performs and scales well on the XT4 within
64-bit operations. the limits of its domain decomposition. The performance

A 1BM SP at NERSC:-way 8MP nbtiesgan t h afyaptagg of SN gveYN mode for large MPI task counts is
an SP Switch2. Each node has two interconnect interfaces. Eactimarily dueto degraded MPI performance when running/M

processor is a 375MHz POWERBand is capable of 1.5GFlop/s M0de& as previously observed in the midsenchmarks. XT4
for 64-bit operations. specific MPI optimizations are being investigated to ameliorate

this performance loss. OpenMP will also provide a method to
Each data point ifrigure represents the performance on the given work around this limitationas well as to improve algorithmic
platform for the given processor count after optimizing over the scalability.
available virtual processor grids defining the domain .
decomposition and after optimizing over the number of OpenMP 6.2 Ocean Modeling
threadsper MPI task. For the igrid benchmark, SN and VN The Parallel Ocean Program (POR25] is a global ocean
mode XT4 performance brackets that of the IBM p575 cluster. circulation model develope&nd maintained at Los Alamos
Note that at 960 processpr@ctor lengths have fallen below 128 National Laboratory. POP is used for higsolution studies and
for important computational kernels, limiting performance on the as the ocean component in the CCSMe code is based on a
vector systems finite-difference formulation of the thredimensional(3D) flow
equations on a shifted polar grid. POperformance is
characterized by the performance
fibar ot r opi c3D lpalpdisicephase stares well on all
platforms due to its limited nearestighbor communication. In
contrast, the barotropic phase is dominated ey gblution of a
2D, implicit system, whose performance is very sensitive to
network latency and typically scales poorly on all platforms.

Figure 16 is a plot of the wall clock seconds per simulation day
for the dynamics and for the physics for the XT4, SN and VN
modes, and for the p57cluster. The dynamics is approximately
twice the cost of the physics for this problem and dycore. The
physics costs for the p575 cluster and the -doat XT4 are
similar up through 504 processors. The IBM and Cray systems

For our evaluationwe used version 1.4.3 of POP with a few
additional paralleblgorithm tuning options [26], utilizing



historical performance data based on this version to provide a
context for the current results. The current production version of
POP is version 2.0.1. While version 1.4.3 and ieer®.0.1 have
similar performance characteristics, the intent here is to use
version 1.4.3 to evaluate system performance, not to evaluate the
performance of POP.

We consider results for the 1/tegree benchmark problem,
referred to ad thdilatitudelorpitudetged ispol e o
shifted into Greenland to avoid computations near the singular

pole point. The grid resolution is 1/10 degree (10km) around the
equator, increasing to 2.5km near the poles, utilizing a 3600x2400
horizontal grid and 40 vedal levels. This grid resolution resolves

eddies for effective heat transport and is used for coagnor

ocean and seige experiments.

Figure 18. POPthroughput on XT4 relative to
previous results

Figure 17. POPthroughput on XT4 vs. XT3

Figure 17 is a comparison of POP throughput for the 0.1
benchmark problem on the singlere XT3 and on the duabre
XT3 and XT4. As with CAM, we see a performance advantage to
running on the XT4 compared to the XT3 anduoning withSN
mode compared to VNmode (for the same MPI task count). backported an algorithmic improvement available in version 2.1
Unlike CAM, this POP benchmark can use the whole system, andof POP. This modified version uses the Chronope@ear (CG)
the advantage in system throughput of using both processor coregariant of the conjugatgradient algorithm used to solve the
instead of just one is significant. For example, t{39® taskSN linear sysem in the barotropic phag28]. C-G requires half the
moderesults use the same number of compute nodes as the 10,000umber of calls to MPI_Allreduce (to calculate inner products)
task VN mode results, and using both cores improves throughputcompared to the standard Mmiplementation of conjugate
by 40%. gradient. This latter performance will be more representative of
roduction POP performance in the future. As shown, decreasing
he number of MPI_Allreduce calls improves POP performance
significantly.

Figure 19. POP performance by computational phase

Note that the increase in processor speed when going from th
singlecore to duaktore XT3 did not improve pfrmance
measurably. The increase in memory and network performance
had somewhat more impact for this benchmark, but at large MPIFigure 19 shows the XT performance of both the baroclinic and
task counts performance is latency sensitive, and MPI latency isthe barotropic phases (time per simulation day in seconds) for
essentially the same on the XT3 and XT4 as indicated by theboth SNand VN modes and fo’N mode when using th€-G
micro-benchmarks. algorithm. Note that the barotropic performance is relatively flat
and is the dominant cost for large numbers of MPI tasks. While
SN mode performance is somewhat better than Yibde
performance for a fixed number of tasks foe tbomputation
bound baroclinic phase, using \fNode for the baroclinic is much
more efficient in terms of compute nodes. The same is not true for
the barotropic phase. To further improve POP performance on the
XT4 will require improving the performance ofthe
MPI_Allreduce employed in the conjugageadient algorithm
used in the barotropic phase or reducing the number of
MPI_Allreduce calls requiredC-G takes this latter approach.

Figure18is a platform comparison of POP throughput for the 0.1
benchmark problem. On the Cray X1E we used a version of POP
that uses a Gérray Fortran [27] implementation of a
performancesensitive halo update operation. All other results
were for MPtonly versions of POP. For the XT results, we used
all XT4 compute nodes through 5,000 MPIks& SN mode and
10,000 MPI tasks in VN mode, and used a mix of XT3 and XT4
compute nodes for larger MPI task counts. We also include
performance for runs with a version of 1.4.3 in which we have



