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Green Supercomputing in a Desktop Box®

W. Feng! A. Ching! and C. Hsu®

Abstract

The computer workstation, introduced by Sun Microsystems in 1982, was the ool of chokee for
sientists and engineers as an interactive computing environment for the development of scientific codes
However, by the mud-1990s, the pecformance of workstations began o lag behind high-end commodity
PCs. This, coupled with the disappeacance of BSThbased operating systoms in workstations and the
emergence of Linux a5 an open-source operating system for PCx, arguably led to the demise of the
worlkstation as we knew it

Arovund the same time, computationid sciontists started o leverage PCs running Linux W creato n
commodity-based (Beowull) eluster that providied dedicated compiste cycles, e, supercomputing for
the rest of us, as a cost-effective alternative to lurge supercomputers, Le., supercomputing for the few
However, a3 the cluster movement has matured, with respect to eluster hardware and opan-souree soft-
ware, these clusters have become much more like their large-scale supercomputing brethren — o aharecd
{and power-hungry} datacenter resource that must reside in & machine-cooled mom in order to operate
properly.

Consequently, the above cbeervations, when coupled with the sver-increasing performance gap bo-
tween the PO and cluster supercomputer, pravide the motivatlon for o “green” desktop supercomputer
— a turnkey solution that provides an intersctive and parallel compuling environment with the approg-
imate form factor of A Sun SPARCstation 1 “piaes box" workstation, 1o this paper, we present the
hardware and software architecture of such a solution as well us its prowess as & developmental platform
for parallel codes. In short, imaging o 12-node personnl deskiop suporcomputer that sehieves 14 Gflops
on Linpack but sips only 185 watts of power at lond, reaulting in a porformance-power ratio Lhat is over
A00% better than our reference SMP platform,

Keywords: high-performance computing, cluster, doskiop, supercompuber, benchmarking, poerfor-
mance chardtterization, workstation, low power, power awnre st deslgn thime, green computing,

1 Introduction

Sun Microsystems introduced the first worksiation to Lhe sclentifie computing community in 1982, By the
late 195805, Sun had become the undisputed leader of the workstation market when they inttoduced the Sun
SPARCstation 1, rated at 12.5 MIPS and 1 4 MAops while running at 20 MHz. The workstation's features
were 50 tightly integrated that they fit in & 16" x 16" x 3" enclosure — the firsi “pizza box" workstation.
By 1992, Sun introduced the first multiprocessing deskiop workstation, the Sun SPARCstation 10 with dual
6i-MHz SuperSPARC processors; but rather than continue to scale-up the number of processors in the
SPARCstation 10, Sun instead delivered the 64-bit UltraSPARC in the mid-1990s even though its price-
periormance ratio was much worse than PCs. This arguably led to the demise of the computer workstation,
when coupled with the emergence of PUs as cost-effective alternntives to workstations.

Concurrent to the emergence of the PC was the open-sourcd Linux operating system (0S). This confluence
of technologies ultimately led to the Beowull commodity-clustering movernent |1, a movement that dramat-
ically lowered the entry cosis into high-performance computing for computational seientists and provided
dedicated “supercomputing for the rest of us." However, s this movement matured through the late 194905
and early 2000s, commodity clusters became the very thing that they were purported to be an alternative to,
ie., an expensive, expansive, and power-hungry resource that resides in a specially-cooled datacenter whose
shared use is arbitrated by a bateh scheduler such as LSF or PRS.

*An extended version of this paper is availabie sa VT C5 Technical Report 07-011 and entitled “Assessing the Utility of a
Pernsonal Desktop Cluster.
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With the notion of “supercomputing for the rest of us” pow egiectvely obisolets, how does an application
scientiEl develop a parallel eode” A dual-processor SMEP Tike the Dell PowerFdee 2650 may neither be
enough o debug a parallel code nor o test its sealability, On the other hand, using & shored datacenter
HPC resource like & largesscale cluster ean result in stheduling conllicts or long gquedes, resultlng in lonper
turnaround times for the program developer. This makes debupging o parailel application more of & batch
process Llan an interactive one. Thus, to address the ahove, this paper presents the origin, architecture,
and performance evaluation of a green supercomputer in a desktop box, ie., a 12-processor desktop oluster
in an oversized pizza box and with w peak power envelope of only 185 watts when rupning Linpack !

The retainder of the paper iy organized as [ollows. Section 2 briofly explains the origin of the aforemoen-
thomeel wreen supercompater inoa desktop box, specifically the Orion Multisysterns DT-12, Section 3 provides
an architectorad overview of the low-power (e, Ygreen” | IFT-12, Section 4 presents an itial performance
evaluntion of the DT-12 versus a Lypical SMP workstation server. Finallv, Section 5 concludes our work

2 Background

The roots of Lhe Crion Multisystens DT-12 can be traced back o the energy-efficient Green Destiny clus-
ter [5, 15, 3|, which leveraged Beowull cluster technology (such as commodity havdware, Linus, and MPT)
while being energy conscious (Le,, power awareness at deslgn time) in order to improve the reliability and
avatlability of compute eyeles. The basic idea behind the D012 was to deliver the above advantages of
Cireen Destiny but in the form fuctor of a “piaza box” thus fillicg the widening performance gap betwern
snpercomipaters aned tradivional PC workstations. .

Back io 2001, we obacrved that supercomputers were Becoming less dlficient with respect o both
power amd space consnmption. For exampie, though (e performance oo our n-body code that siinulates
galaxy formation increased 2000-fold from Lhe early 1990s Lo the early 20005, the performance per-watt and
performance: per-sgquare-fool only improved by 300-fold and 60-fold, respectively. This has resulted in the
construction of massive datacenters with exotie cooling facilities {and even, eptirely new buildings) to house
these supercomputers, thus leading to an extraordinarily high total cost of ownership.

The main reazon for this ineficiency has been the exponentially Increasing power reguirements of compute
nodes, ie, Moore's Law for Power Consumption |5, 3, 4, 7. When nodes draw more power, they must be
spaced vul and ageressively cooled.? Ohar own empirical daca as well as unpublished empirical data from a
leading vendotr indicates that the filure rate of a compute node doubles with every 10°C (18°F ) increase in
temperature whove 757F and temperature is proportional Lo power density. Thus, the supercomputers in
the TOPE0 List require exotic cooling facilities; otherwize, they would be so unreliable [due to overheating-
indaeed failures) chat they would he unovailable for use by the application scientist,

T adddross the above, we started the Supercompuating in Small Spaces (http://sss.lanlgov) project in
late 2001 and wentified low-power building blocks w constract anr energy-efficient Green Destiny 15, 15, 4],
a 2i-processor Beowull cluster chal Bt in & telephone booth {1, a loatprint of five sguare feet ) and sipped
only 5.2 kilowatts when running ciskless, 12, twa halrdryers, but with performance slichtly better than a
172-processor Cray TIE 900 {cicca 1172001 TOPSOD List} when runniog Linpack. Green Destiny provided
relishle compule cveles with no anschedaled downtine frome April 2002 W Apdl 20004, all while sitting in
an 85°F dusty warehouse at 7000 feet above ses level - this tlastrating tts ability 10 be moved out of the
daracenter and into an “office space” that did not have any special cooling facilivies. This transformation
from datacenter eluster to office cluster ultimately led o a subsequent transformasion into a deskiop cluster
as embodied by the Orion Moltiaystems DT-12,

3  Architectural Overview

The Orion Multisvstens DT-12 is a personal desktop clister workstation that eontains 12 individual x36
compite nodes in a 247 x 18" 1 47 (or one eubic foor) pizei box enclosure, Collectively, these nodes provide
the horsepower of & smeall supercomputer, the udministrative case of a single-processor computer,® and the

TFor refirence. a Dell PowerBdpe 2650 deskrop servor with doal 2 200k [ntel Xeons consumes noasly 290 watts when
turmmng Linpack

"'I:'wrhapu-.' a mnreinsidinns pronlem o the ghove mieffirieny is that the refimhilily af Pheer syvEbrms enntinues to fiacrease os
trmrdithesnal supe comnpazters fanbipoe L aggpregale mnene procsssnrs I.|:grd.||r.-r.

FBoatmg Lhe DT-12 amaounts to depreasing a single powes ewitel, and in just over a8 minule, the enlite simgie-system nnage
1= When up and ready o run o parillel job




fow notse, heat, and power draw of a conventional desktop.

Each compute node contains a Transmeta Efficeon processor running the Linux operating systemn and
Transmeta's power-aware LongHun? software, its own memory and Gigabit Ethernet interface, and option-
ally, its own hard disk deive, The nodes share a power supply, cooling systemn, and external 10-Gigabit
Ethernet network connection. (The head node provides an interface to the end user.)

In short, the DT-12 exports the utmost in simplicity with only one power plug, one power switch, one
monitor connection, one kevboard, and one mouse, At load, it achieves 14 Gilops on Linpack while drawing
only 185 watts of power, i.e., less than two 100-watt light bulbs. (Its theoretical peak 15 28 Gflops.)

3.1 Hardware

The D12 is & cluster of 12 x86-compatible nodes linked by a switched Gigabit Ethernet fabric.® The cluster
operates as a single computer with a single power switch and a single-system image rapid-boot sequence,
which allows the entire system to come on-line in just over a minute.

I the DT-12, one node functions as the head node, providing an interface to the end user and controlling
jobs throughour the cluster, The other nodes, referred to as compute nodes, are available to the head node
for parallel computing. When idle, the head node can also act as a compute node.

The TT-12 plugs divectly into a standard 15-A office outlet with no special cooling or power Tequirements.
The included 1L/O board provides video, keyvboard and mouse, serial port, USB, and fan control. The DT-12
alen provides a DVD/CD-BW and one 3.5" hard drive on the head node. The board can accommodate one
2.5" hard-disk drive per each of the other nodes although disk drives on the compute nodes are optional.

3.2 Software

With the single-system image rapid-hoot sequence from Orion Multisystems, the TT-12 appears as mono-
lithic as possible Lo the end user, e.g., logging into individual compute nodes s typically unnecessary. The
system software accomplishes this by providing the same Linux kernel on all nodes via a siogle 05 installation
on the head node that is shared among all compute nodes. Each compute node then locally runs commonly
used cluster tools such as rsh, Sun Grid Engine, and MPICH2.

4 Experimental Results

In this section; we present an initial performance evaluation of the DT-12 and compare it to a common
development platform in use today, ie, a SMP workstalion server, We chose this comparison for several
reasons. First, with Beowulf clusters having become shared datacenter resources, we argie that application
programiners have turned to SMP-based desktop platforms in order to develop their parallel codes. A SMP
machine can fit on one's desk without the need for special wall ontlets or cooling facilitles. Second, the
[T-12 has similar dimensions 1o typlea] SMP machines and uses a similar amount of power.

Our case study of an SMP workstation server involves a Dell PowerEdge 2650, a dual-processor 2U
chassis machine. Ours was configured with dual 2.2-GHz Xeon processors, 1.5-GB memory, and a Fujitsu
1#.4-GB 15000 RPM TG0 5CSI drive. Fach Xeon processor used hyper-threading for a total of 4 virtnal
processors. A quick comparison of the DT-12 and the PowerBEdge 2650 in Table 1 illustrates some of the
key hardware differences between the two developmental platforms. The dimensions of the two platforms
are nearly identical, and the power draws at load (ie., Linpack} are comparable,

We conducted mumerous experiments to show that a personal desktop cluster workstation that is energy
elficient, such as the Orion Multisystems DT-12, can provide a more suitable development platform for
parallel codes versus the typical SMP workstation. More importantly, we demonstrate that the DT-12 can
deliver green supercomputing in a desktop box. Our benchmarks included SPEC CPU2000, HPL, NAS MPT,
STREAMS MPI, ttep, NetPIPE, bonnie, and mpi-io-test.®

'fL.inklng DT-12 systams together can then be achieved via the external 10-Gigabie Evhernet interface.
"Dhue to apace limitations and the expected network results with respect 1o bandwidth and latency, network cesults are not
Inezlpded in Lhis paper.



Platfornt | Orion Multisystems DT-12 | el PowerEdge 26300
Dimensions | 24W) < 18Dy x A(H) (in) | 19{W} = 26(D) x 3.5(H) (in] |
- 1 cubie fool ~ 1.02 cubic fest |

{ Power ut Load | 155.3 watts 917.0 watis
Processors | Twelve 1.2-GHz Efficeon CPs d_'l'wn 2 2CGHz Xeon CPUs

[ Memary 1 GB/Processar 15 GB
Network T Gigabit Ethernet N1C/FProcessor Dhual Gigabin Bthernet NI

| Interfoces | = = = |
’_S-ml'.lge WLGE SN RPV TDE (Hewdr | IR A-GH [o000 RPM SCSI drive
e - N-GE 4200 RPM 1DE (Other) |

Table 1: Experimental Hardware Configurations

| SPECH 2000 326 o T
| SPECTH2000 358 726 '

Table 2: SPEC CPI72000 Base Results

[Platiorm | Orion Multisystems DT-12 | Dell PowerBdge E(L"H:I_{

4.1 Processor Perlormance

Ay an inibial performance chameterization of the Eficeon processor wsed i the DT-12, we began our ex-
periments with the SPEC CPU2Z000 benchimarks [12] uwsing wo lote! compiler {version 8.1) and with the
baseline optimization optiony -03 -zW -ipo, Table 2 shows our baseline results, The DT-12 achieved 526
for SPECEnt2000 and 368 for SPEC{p2000 while the numbers for the PowerEdge 2650 were 792 and 720,
respectively. [f we had run Lhe same customized {but proprietary) high periormance code-morphing software
on the OFT-12 as we did on Creen Destiny, the floating-point perforinance would have improved by about
RIYE to the neighborhood of 535 for SPECIp200RK).

According to the SPEC messurements, the integer performance of a | 2-C Hz Efficeon processor is roughly
equivalent toa L0-GHe Pentium 4 (e, between 315 and 534 However, the floating-point performance of
the Efficeon processor dees nof keep up with the L5-GHg Pentium 4 {Le., between 543 and 549, campared
to the Eificenu's 3533 although in likely would hive if Transmeta had used the prototvpical high-performance
care-morphing software that was originally developed for Green Destiny and tailored towards iteralive
aoientific codes.

Our next test, HPT 6], is o frecly available software package that implements the High-Performance
Computing Linpack Benchmark. Tt solves a (racdom) dense Hoesr svstem in donhle precision {64-biws)
anthmetic on distrbuted-memory computers. Using HPL reepaies an MEP1 11 compliant implementation
and either the Basic Linear Algebra Subprograms {BLAS] or the Vector Signal Image Processing Libeary
(VSIPLY Generally, HP, s considersd sealable with respect to the number of processors userl during testing
smee its overall perfonmance is mostiy atiributed o the sys=tem's CPLL

For HPL, the DT 12 delivers 14,17 GHops while the Dell PowerEdge 2560 achieves 5.1 Gilops, or roughly
three times slower than the DT-12. Since the D212 bas twelve processors compared to the two processors
in the PowerEdge 2650, we infer that a 2.2-Gllz Xeon provessor periorms siightly more than twice as [ast as
A 1.2-0Hz Efficeon in this application.

In our final CPU test, we ran experimonts using the NAS Parallel Beochmarks (NPB) |80 Callectively,
they mutmie the compuracion and dota-movement characteristics of applicatvons in compatational Buid dy-
namics (CEFDN. NPH is basal on Fortran and MPL These implementations, which are intended to be run
with little or no tuning, approxinate the performance that & typacal user can expect rom a portzhle parallel
program in a dsbribogeid-memory computing systiem

We obtuined the resulte in Table 3 ana Table 4 from the clazs A and clazs B worldoad, rezpectively, Due
L pPEGePss restricnions in some tests, we only obtained results for cervaimn numibers of processes. For example,
5P and BT reguise chat the number of processors be a'square of an integer. Lhercfore we have results from
1, 4, and 9 processors.

In eeneral, as the number of processes increasses, the OT-12 scales nearly linearly m the LU, BT, EP,
and CG tests. The FT, MG, 5P, and 15 tests do scale to some degree on the DT12) although not linearly



Class A Workload
DT-12 PowerEdge 2650
I ] [ 12 1 ] 5 | 8 [ 12

T FT || 143,28 | 287.84 | 543.37 TRE.14 | 361.00 | 34742 '
MC || 97.42 | 350,49 | 1180.40 324,01 | 273.40 | 313.36

SP || 98095 | 31974 458,96 183.12 | 213.08 194 50

LU || 17912 | 779.28 | 1521.10 32507 | 41988 | 419.46

BT | 268.56 94681 1472.29 51076 | ALO.68 B41.35

15 | 11.23 | 17.41 19.10 034 | 30075 | 2893

TEP || 346 | 1380 | 2752 31.21 [41.11 | 4.87 | 17.18 | 1761 | 17.61 | 1747
| G || 70.27 | 26061 | 526.50 283.42 | 249.97 | 221.15 |

Table 3: NAS Parallel Benchmarks Class A

| Class B Workload

| DT-12 PowerEdge 2650

: 4 [ 8 [ 9 12 4 § | .9 | 3=

[FT [ 35470 | 649.08 O [ 1jO | 1j0 | 1jD

[ MG || 60556 | 1203.56 283.00 | 346.66
SP | 36594 70:3.20 208.64 21450 |
LU [ 631.74 | 1466.66 d7d.46 [ 41798 |
BT | 102967 2018 45 Bl4.64 858.07 |
5| 2115 | 3257 2045 | 2833 .
EP | 1472 | 26952 | 3326 |44.29 | 17.22 | 17.28 | 17.08 | 17.78
CG [| 172.96 [ 357.51 72.13 [ 19124

Tahble 4: MAS Parallel Benchmarks Class B

However, because some of Lhese tests are dependent on system components besides the processor, they are
not expected to scale linearly, In contrast, the PowerEdge 2650 does not achieve linear scalability on any of
the & NPB tests and would provide poor feadback on demonatrating whether a parallel code s achieving an
expected linear speedup.

4.2 Memory Performance

The STREAM benchmark [13] measures the sustainable memory bandwidth and the corresponding eompu-
tation rate for simple vector kernels. The STREAM benchmark has four different components which are
summarized in Table 5.

We used the MPT version of STREAM to test the scalability of the memory subsystem. Each test was
cotapiled with MPICH? |8] and run three times with the best run used in our results. Figure la shows
that the DT-12 achieves linear scalability while the PowerEdge 2650 in Figure 1b struggles to achieve any
speedup. While it is a two-way SMP and each processor has hyper-threading (thereby having 4 virtual
processors), we hardly even see a speedup between 1 to 4 processors on the PowerEdge 2650

Test Operation Bytes/Treration | Floating Poirt Operations/Tteration
COPY ali) = bii) 16 _ 0

{SCALE [ ali) = q"bii) 16 i

| SUM all] = a(i}+bii) 24 1 o

[ TRIAD [ afi) = b{i)+q%e(i) 24 2

Tabie 5: STREAM Tests
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Figure 10 STRFEAMS Results: (o) D712 and (h) PowerEdge 2650,

4.3  1/0 Performance

In order to test sequential /O performande, we used bonnie (21, Bonnie performs a series of tests on a file
of unkoown size, It does sequential output using the putef) stdin macro, writes blocks using the wrile)
command, and rewrites hlocks of size 16 KB (reads Lhe blocks into memory, dirties them, and writes them
biack). It does sequential input using gete]) and che read() command. The test results can be sigrificantly
affected by the amount of system memory avatlable since writes are buffered on most file systemns,

Both of onr rest platforms used axed, which certainly buffers write vequests whenever memory s avatlable.
Wa also used the larzest Rle size possible on the local file system (2047 MB) [0 our tests, Sinee this is a
sequential 1/0 test, the DT-12 can only use o single processor ane a single mermaory (1 GRE) fur fle system
buffering. The PowerFoge 2050 hag both its prodessors available and 1.5 GR of memory for 1O biaffering
Becaise the file sie s 2007 ME woere of the Ble 10 can be buffered on the PowerBdee 2650, resulting in
bigher 1/0 pecformance (because 10 15 mostly woting to aemory and wot Lo the actual bard disk). For the
D12, we also Lested 100 access to a node's lockl storage through extd and to remote storage on another
node using NFS. Om the PowerEdge 2630, testing NFS performance does not make sense as both processors
have aceess Lo their local disks

The resules for sequential ontpur and sequential inpur are shown i Fleere 20 As expected. Lhere are
certan coses, for instance, the bloek write and the Block reed, that are much higher for the Powerbdge 2650
due to the increased bulfering capahilities from having more memory per processor. When honnie rewrltes
data through NFS on the D712, we see that [ts performance really suffers due to fetching data over the
network amd rewriting it
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Figure 2! Resuits from bonnie for sequensial output () and sequential input {b)



[ Cluster | CFU | Cluster [ Memory | HPL Perl. | Powerypr | Perf/Power |
| _Name ) Topology | (GB) | (GFlops) | (W) | (MFlops/W)
;To?artmﬁm ntel | 1 x2P | 1.50 51, 2170 23.50 |
[ 2600 Xeon L I o o emnd]
i L2-GHz | '. ‘
-1z Transmeta I 12.% 1P 120K 1447 185.3 AT |

|  Efficeon | i

Table & Performance, Power, and Performance/Power

Our sealable [/O test was a parallel 1/0 west from PVFS2 west suite called mpi-io-test, mpl-lo-test simply
writes 16 MB per processor into a shared lile and reads it back through the MPICH2 ROMIO [14] interface,
We setup the PVEFS2 fle syatemn (10], & next-generation parnllel file system for Timue elosters, on Lhe todes
to attain the high possible bandwidth. For the 7212 platform, we confpured all 12 nodes s 1,0 servers,
with ene node doubling as the metadata server. For the Powerlidge 2650 platforin, we configured 2 processes
Az 1/ 0 servers, with one doubling us the metadato server,
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Figure 3: Hesulis from mpi-io-test for both read and write

Our resules, shown in Figure 3, indicate the scalability of the Onon DT-12. As we scaled up the number
of processors, we saw close 1o linear speedup m /0 bandwidth for the DT-12. However, the PowerEdge
2650 1/0 bandwidth is pretty constant hetween 1 and 12 processes, In this case, a personal desktop cluster
wiitkstation lke the DT-12 = very capable for parallel 1/0 development {Le., writing parallel codes that use
K110

4.4 Power Efficiency

A personal desktop cluster workstation must ot have specinl power requurements (e, ik should be zhle
to be plugged into o normal wall socket)  We evaluated the power consumption of the DT-12 verzus the
PowerEdge $650 using the HPL benchmark, Lo order o measure the system’s power consummption, we used
i Yokogaws digital power meter that wis plugged into the same power strip as the system, The power meter
continiously sampled the instantaneous wattage at & rate of 50 kHz and delivered its readings to o profiling
conpLLer.

The resielts of HPL running with the power meter plugged-in are shown in Table & With regaed to
power-ronsnming components;, the DT-12 has 12 processors, 12 GB of memory, 12 haed disks, and an
internal network compared to the PowerBdge's vwo processars and 1.5 GB of memory, o single disk, and no
intertal network. Surprisingly, despite having many more power-conswning components, the DT-12 actually
coustmed less power than the PowetFilge 2650 when ranning Linpack. Much of the energy savings con be
atirthsted Lo the Transmeta Effceon processors. [nosddition, the DT 12 dlzo delivered & pecfonmance / power
ralio thiat was aver three times better than the PowerBadge 2650,

-



5 Conclusion

In this paper, we presented & cese fir a green supercomputer in = desktop box. Lhe particular incornation
thut we chose to evaluale was the Orion Mualtsystems DT-12, which was based on the energy-efficient Green
Destiny cluster that feasurad in The New York Tomes The DT-12, a 12-node personal deskiop supercom.
puter, echieves 14 Gilops on Linpack while spping only 185 watts at load, resulting in a performance-power
ratio that is over 3007 better than cur reference SMP platiorm.

Wa also evaluated the suitability of the D112 as a scalable platform for paralle! code development. Our
expenments showed that this personal desklop dister worketation was s more isefu! tool for developing
paraliel ondes and running parallel applications than a SMP workstation. Most of our expenments using the
D112 demnonstrated Linear scalability with respect o processor, memory, setwork, and 1/, The PowerEdpe
2650, our SMP s study, did pot fare as well, achieving limited or ne scalabllity a5 we increased the
parallelism of our experiments.
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