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Abstract

We describethe applicationof a Beowulf clusterto modelingthe effects of
disorderon a systemof electrons.The detailsof constructinga Beowulf cluster
arepresented.Thefreely availablecomputationallibrariesusedin our calculation
will alsobedescribed.We presentthemodelstudiedandresultsobtainedfor the
opticalconductivity in asystemwith disorder.



1 Introduction

The goalof this researchwasto determinetheeffectsof disorderon a systemof
electrons.In orderto createa programthat canmodela large systemtherewere
severalpreliminarysteps.First we neededto build anenvironmentto developand
runprogramsin.

In our casea singlecomputerwould not beenoughbecausewe needto com-
putelarge amountsof data. So not only did we needto setup onecomputerfor
programming,but alsoan entirenetwork of computersthat could work together.
This network of computersis known asaBeowulf cluster, or justasaBeowulf.

Oncethe Beowulf is completewe thenneedto write programsto performa
preliminaryanalysisof aparticularmodelfor asystemof electronsin adisordered
environment.

2 What is a Beowulf?

Whenaskingwhat a Beowulf is oneshouldfirst askwhata supercomputeris. A
supercomputeris a machinewith lots of processingpower. Wouldn’t it besafeto
assumethataroomfull of

�
computerswhereeachcomputercontainsaprocessor

with a givenamountof processingpower couldactualbeconsidereda singlema-
chinewith

�
timestheprocessingpower of a singlemachineif therewasa way

to combinethem?In 1994ThomasSterlingandDon Becker [1] implementedthis
ideawith PChardware,creatingwhatthey calledaBeowulf.

A Beowulf is a groupof computersthat containsomemethodof communi-
catingwith eachother. A typical Beowulf is a clusterof PC’s networked together
with 100MbpsEthernet.Thesemachinesalsotypically run a Unix-like operating
system;mostcommonlyLinux is used.

WhenprogrammingaBeowulf thefactthatyourcodeneedsto runonmultiple
remoteCPUsmust be considered.However, it is not as difficult as one might
expectdueto a large amountof librariesandsoftwarewritten that make it easy
to distribute processes.In our researchwe becamefamiliar with MPI, Message
PassingInterface,andHPF, High-PerformanceFortran.

3 The Hardware

3.1 A Single Node

This projectwascertainlystartedcorrectlywhen thirteen500 MHz PentiumIII
computersweredelivered.Eachmachineis alsoarmedwith 128MB of RAM and
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mostimportantlya 10/100Ethernetadapter. Sincethesemachinesarecommodity
boxesthatproduceover 300Mflops1 eachwe areconformingto thespecification
thatstatesto beaBeowulf it mustbecheapandpowerful.

3.2 Hubs and Switches

Oneof thefirst thingswerealizedwhenwewerereadyto startthisprojectwasthe
fact thatwe hadvery nicecomputersthatcontained10/100Ethernetadapters,but
they wereall hooked into a 10 mbit hub. We knew thatwe would not be getting
nearlytheperformancewe couldget if we weregoingto run on a slow hubrather
thena fastswitch.Sowerequesteda100mbit switch.

We did sometestingbeforeandafter the new switch camein with a utility
callednetperf[2]. Netperfcanbeusedto performmany network tests.Wechoseto
seethethroughputof a streamof bothUDP andTCPpackets.Therearetwo runs
shown below for theswitch.Onewith thenetwork busyandonewithout. Youcan
seethatthereis only asmalldifferencebetweenthroughputof abusynetwork and
a nonbusy network. I wish I hadresultsfrom a busyhubbecausesinceunlike a
switcha hubdoesnot direct traffic andI assumethedifferencebetweenbusyand
nonbusywouldbemuchlarger. Thethroughputis givenin ����� bits/sec.

UDP STREAM TCP STREAM

10 mbit hub 9.53 6.89
10 mbit hub(busy) – –
100mbit switch 94.18 90.84
100mbit switch(busy) 87.24 73.55

4 Linux

Linux is an opensourceprojectstartedby Unix hackersasa hobby. It wasorig-
inally startedby Linus Torvaldswho wasstudentin Finland looking to improve
Minix which wasanotherUnix-like operatingsystem.ThereasonLinux is soro-
bustis becauseit is opensourcewhichallowsambitiousgurusto find andfix bugs.
Opensourcesoftware is simply software wherethe programmersdistribute the
actualsourcecodethey wrote. It is commonlyfreelydistributed.

1ThewhetstonebenchmarksoftwareprovedthePIII 500to produce362Mflops
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4.1 Why use Linux?

Why useLinux for a Beowulf? By usinga Unix-like operatingsystemwe gaina
largecollectionof well-establishednetworking tools. To list a few, which will be
describedmorelater, it supportssuchthingsasrsh andNFS which make remote
useeasy.

It is alsoa goodchoicefor runningCPU intensive jobs becausethe kernelis
quite stableandmanagesmemorywell. Of course,anotherreasonto useLinux
is that it is free. Unlike someoperatingsystemswhereyou must purchasean
expensive licensefor every machinerunningit, with Linux you canhave a cluster
of any sizeall runningLinux for free.

Why useLinux for a developmentplatform? Linux, beinga Unix-like oper-
atingsystem,hastheadvantageof usingthemany programsof theGNU project.
This meansthat freeeditorsandcompilersareavailablefor it. In fact if you usea
Linux distribution like RedHat, thosecompilersandutilities arequiteeasyto in-
stallandyoucanhaveadevelopmentplatformreadyfor usein amatterof minutes.

5 Useful Networking Software

As mentionedearlier, Linux, like all Unix-like operatingsystems,supportsnet-
working tools to make remoteusevery easy, even transparentto the user. There
areseveralutilities for managinganetwork, thereareevenquiteafew availablefor
specificallymanaginga Beowulf. We only usedthe mostcommontools that are
availablewith Linux.

5.1 rsh and Friends

Thetwo mainremoteuseapplicationsaretelnetandrsh.Telnetallowsyouto login
to theremotemachineandreturnsa shell thatallows you to remotelycontrol it by
useof commandsonthecommandline. YoumayevenusetheGUI (graphicaluser
interface)programsby simply sendingthedisplayof the remotemachineto your
local machine.

Rshis quitesimilar to telnet,it too will returna shell. Or if you senda com-
mandalongwith your rshcall thenit will executethecommandontheremotehost
andreturn to the local machine. Rsh is very handyfor startinga processup on
several remotemachinessimultaneously. Rshhasa sistercalledrcp. Rcpallows
you to copy a file from onemachineto anotheraseasilyascopingit from from
directoryto anotheronasinglemachine.Herearesomeexamplecallsof thesetwo
importantcommands.
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[drewj@cec11 drewj]$ rsh cec00 uname -n
cec00
[drewj@cec11 drewj]$ rcp cec00:/etc/HOSTNAME .
[drewj@cec11 drewj]$ cat HOSTNAME
cec00

If you setup the systemsto allow root, the superuser, to rsh to all the nodes
thenit is quiteeasyto install softwareonall of themsimultaneouslywith asimple
script.

I createdsucha script which I named‘doall’. This script takes two setsof
arguments.First it took a list of machinenumbersandsecondit took the list of
commands.Hereis thesynopsis;

[drewj@cec11 drewj]$ doall -h

doall ’cmd(s)’ -command(s) run on all nodes
doall 2-4 ’cmd(s)’ -command(s) run on nodes 2,
3, 4
doall 2,6,9 ’cmd(s)’ -command(s) run on nodes 2,
6, 9

You must use quotes ’ ’ around the command(s).

Here is an exampleof how onemight useit to install the free Fortrancompiler
from theGNU projecton all thenodes.

[drewj@cec11 drewj]$ doall ’rpm -i egcs-g77-1.1.2-
12.rpm’

5.2 NFS

Fromtheearlierexamplein thelastsectionit would appearthat thefile egcs-g77-
1.1.2-12.rpmis in my homedirectoryon every machine. It could be distributed
aroundwith rcp,but to save time it is easiestto useNFS,Network File System,to
distributecertaindirectoriesaroundto all nodesall thetimefrom acentrallocation
suchasa masternodeor a file server. We have a masternodethatholdsour home
directoriesandit allowsNFSmountsfrom any of thenodes.With Unix andLinux,
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NFSallows localandremotefile systemsto blendtransparently. If I login to cec00
I get thesamehomedirectoryasif I login to cec10or any othernodeandit looks
like a local homedirectory, however thosefiles in my homeareonly local to the
master.

While NFSis veryhandyit doesgeneratenetwork overhead.In aBeowulf you
wantyournetwork to beasclearaspossiblesoyourcodepassesmessagesasquick
aspossiblewhenyou run it. To avoid unneedednetwork overheadwe useautofs
whichis aprogramthatwatchesfor neededNFSmountsandautomaticallymounts
themon demand.If a mounthasnot beenusedfor a certainamountof time then
it unmountsthatdirectorythuslesseningthenetwork load. This is very necessary
if thereareseveraluserswith homes.For exampleif only onepersonneededthe
clusterbut fifty homedirectoriesweremountedon all the nodesthenyou would
have a lot of wastedbandwidth.

Thenodesalsosharesomedirectoriesfrom themselvesto theothers,they are
/mnt/data and/mnt/cdrom. /mnt/data is a large partition that is shared
becausesomeprogramsmaylike to storepartialsolutionson remotenodesduring
execution./mnt/cdrom is sharedbecausethatallowsusto sit down atany node,
insertacdrom,andaccessit from any othernoderemotely.

6 Useful Programming Software

With any Unix-like operatingsystemthereis a wealthof compilers,editors,and
librariesavailable,becauseUnix hasbeenthe primary developmentplatform for
several years. Thereareeven free versionsof thesetools. In our casewe used
the free Fortran 77 compiler, that is distributed underthe GNU Public License
(GPL),calledg77.Wealsousedthestandardtext editordistributedwith mostevery
Unix calledvi. As for the libraries in my specificproblemI neededto calculate
eigenvectorsandeigenvaluesto of amatrixandtherehappensto beaparallellinear
algebrapackageavailable called Scalapack.Scalapckalso requiresa few other
librariesto beincluded.

6.1 Pros and Cons of Fortran and of g77

This wasmy first experiencewith Fortran77 andI waspleasedto seethat it was
quiteeasyto convert mathematicalequationsinto functions.Containinga built-in
complex data-typewasalsoagreattimesaver. I wasdisappointedwith thelackof
theability for dynamicallocationof arraysin g77andthelackof theability to use
recursion.

This wasalsomy first experiencewith g77. I believe g77is an‘ok’ compiler.
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I amthrilled that thereis a freeFortrancompiler, but I believe it still needswork.
Compilerwarningsanderrorswereeithernot very helpful or non-existent,which
causedhoursof addingprint statementsin codeto trackdown bugs. I alsoheard
from a talk[3] at Linux Expo ’99 that throughToon Moene’s benchmarksthey
discoveredthatg77is quiteinefficientandit wasmoreefficient to write theFortran
code,usef2c (utility for convertingFortranto C), thencompilewith gcc,theGNU
C compiler.

6.2 The Joy of Scalapack

Scalapackis a parallel linear algebralibrary. If you link to this library you are
grantednumerouslinearalgebraroutines.Whentheseroutinesareexecutedthey
arebroken into several processesthat canbe distributed on all the CPUsin the
clusterat the sametime. So if you have a very large matrix the problemsare
solved fasterbecauseeachmachineonly hasto work with a percentageof the
wholematrix. For exampleif wehavea ���
	���� matrixandwedivide theproblem
over four processorstheneachprocessoronly hasto work with a ��
�	���
 matrix.

Scalapackwasdesignedto sit on top of otherlibrariesto bemoreabstractand
to allow usersto only link to the routinesthey need. Thereareactually four or
five otherlibrariesonewould needif they wish to useScalapack.They arePblas,
Blas,Blacs,andsomelibrary of messagepassingprimitives. Pblasis a collection
of parallelbasiclinearalgebrasubprograms.Somefunctionsin Pblascall onBlas.
Blacsis thebasiclinearalgebracommunicationsubprogram.Wechoseto useMPI,
MessagePassingInterface,for our messagepassingprimitives. Blas, Blacs,and
MPI areall platformspecificwhile PblasandScalapackareeasilyportable.The
possiblefifth oneis Lapack.Lapackis thesingleprocessversionof Scalapackthat
Scalapackis basedupon.Someroutinesin Scalapackmaydependon Lapack,but
theoneswe useddid not. Seethediagrambelow.
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Fromreference[4]

Gettingtheselibrariesto work togetherin harmony proved to not be an easy
task.I feel I shouldnotethoughthateveryproblemI hadwasreallydirectlyrelated
to thepoordocumentationonScalapackwhichisavailablefromhttp://www.netlib.org/scalapack.
Someof thethingsthat I wishedwerebetterdocumentedarethefact thata patch
mustbe appliedto Blacsbeforeit canbe usedwith mpich (the MPI packagewe
used)andhow to betteredit theBmake.incfile beforebuilding Blacs.

As mentionedbriefly above the singleprocessorversionof Scalapackcalled
Lapackalsocontainsa largecollectionof linearalgebraroutines.Wehadnoprob-
leminstallingLapackor Blasbecausethey canbedownloadedin rpmformatfrom
ftp://metalab.unc.edu. Rpm format is the installationformat Red Hat
Linux usessoit is very easyto install on to RedHat.

7 Cloning

In orderto getall thesoftwarewe neededon all themachinesin anefficient way
I installedandconfiguredeverythingwe wishedto useon a singlemachine.Then
to save time I clonedthatmachinetwelve timesto producethirteenidenticalma-
chines.

At first I wasgoing to usea pieceof softwarecalledghostwhich I hadheard
wasgoodfor cloning. However sinceghostis proprietaryI couldnot geta copy.
Soin orderto clonewith toolsathandI usedautility nameddd[5] thatis designed
to convert andcopy afile andI convertedthepartitioncontainingLinux andall the
softwareinto a singlefile. Thento save time copying it acrossthenetwork I used
anotherutility calledgzip andI compressedthatfile down to almosthalf thesize.
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Now I createda Linux bootdisk thathadnetworking configurationtools,NFS
support,anda thathandyutility calleddd. I bootedeachof theothertwelveboxes
off thisfloppy, setupnetworkingandusedNFSto mountashareddirectoryon the
alreadycompletebox thatheldthefile I created.ThenI uncompressedthefile and
useddd to turn thefile into animageon apre-madepartition.

Themachinewasinstantlybootableto Linux andonly neededsomenetwork-
ing parametersto bemodifiedbeforeit wasreadyto participatein aBeowulf clus-
ter.

8 A Simple Model for Electrons in Disordered

8.1 The H-matrix

The H-matrix is a � 	!� matrix, where �#"$�&%(')�&*+')�-, is the numberof sites
in an atomiclattice. This matrix determineshow the statevectorfor an electron
changeswith time andthestatedescribestheprobabilityfor finding anelectronat
aparticularatomicsite. In ourmodelthismatrix is definedas

.0/21436587 " 9:; :<>=@? /21A7 BC1 " 5DFE2G H B
if
1@365

arenearestneighbors� B
if otherwise

where =4? /21A7 is the local electrostaticpotentialand IJK DAE2G H is thehoppingfrequency,
the rateat which anelectronattemptsto move from site

1
to site

5
. LM is Planck’s

constant.In anorderedatomiclattice =4? /21A7 is thesamefor all atomicsitesand
DFE2G H

is thesamefor all nearestneighborpairs,
14365

. A look at how electronswould hop
dueto anH-matrix thatdescribesasystemthatis orderedlookslike thefollowing:

NOP N

Q Q Q Q Q
Q Q Q Q Q Q

Q

Q Q Q Q Q Q RTS
RTS

If theatomiclatticeis disorderedit mayappearmorelike this:
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Q
QQQ

Q
Q Q Q R
S H4G Y

R
S EZG H
Thevalues

DAE2G H
and =4? /21A7 for adisorderedlatticearereadin from aprogramthat

determinestheir valuesbasedin a particularrandomconfigurationof the atomic
sites.

Whatwe arereally interestedin is finding theprobabilitythatanelectronwill
beatagivensite. It is truethattheprobabilitiesof findinganelectronatagivensite
in anorderedsystemareall equalbecauseall sitesareevenly spaced.However in
adisorderedsystemweneedto usetheH-matrix to determinewhattheprobability
is.

TheH-matrixcanbediagonalizedto gainthestatevectorsandthestateis used
for finding the probability of finding an electronat a given site. Diagonalization
givesyou theeigenvectors,[ , andtheenergiesfor eachvector, theeigenvalues= .This is whereLapackandScalapackwereneededto completethecomputations.

8.2 Localization as a Function of Disorder

Thechemicalpotential,\ , is determinedfrom thedensityof electronsin thelattice.
Theelectronsmostresponsiblefor electricalconductionhave energiescloseto \ .
So we will plot theprobabilitydensityfor anelectronwhoseenergy is closestto\ . If theprobability is largeonly for a smallnumberof sites,we saytheelectron
is localized.

8.3 Impact on Optical Conductivity

Now with theinformationobtainedfrom diagonalizing
.

, we canobtaintheopti-
cal conductivity. In thismodelasystemwith low disorderhashighconductivity at
low frequency (metal-like) whereasa systemwith higherdisorderis expectedto
have conductivity at high frequency (insulator-like). Changinga conductorto an
insulatorby increasingthedisorderis calledthe“Andersontransition”.Theoptical
conductivity, ] I /2^_7 canbecomputedasfollows wherê is thefrequency.
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] I /2^_7 "a`b
dc e G egf h / = egf 7 ` h / = e 7^bij/2^lkm1Fn�7 ` / = e f ` = e 76o@p % /rqA34qZst7 p % /rq2s234qu7
where

h " �vxwzyr{2|~}x�t�F� k �
and

p % /rqF34q2st7 "�c H .m/j5�3658k��� 7 [ egf /j5�7 [ e /j5�k��� 7 ` .m/j5�365 ` �� 7 [ egf /j587 [ e /j5 ` �� 7
Theresultsareasfollows:
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8.4 No Disorder, deltar = 0

Probability of Finding Electrons as a Function of Position and Disorder, deltar=0.0
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8.5 deltar = 8

Probability of Finding Electrons as a Function of Position and Disorder, deltar=8.0
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8.6 deltar = 16

Probability of Finding Electrons as a Function of Position and Disorder, deltar=16.0
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8.7 Parallel Solution for Optical Conductivity

Sincecreatingthegraphsdepictedabove for opticalconductivity requiredmultiple
runsof thesameprogramwith differentargumentswithin a setrangeI foundthis
problemto beperfectlyparallelizable.This meansthat I coulddistribute aneven
loadover every processor. Theway this wasaccomplishedwasby writing a short
shellscriptthatsimplydividestherangeby 15 for the15processorsandthenrsh’s
to eachmachineandrunsthroughthe rangeof argumentsit asbeenalloted. The
masterthentakesthesesubsetsof theresultsandcombinesthembeforegraphing.
This techniqueprovedto increasetherun timeby nearly15 asit should.

9 Summary

I believe this projectwassuccessfulbecausewe now have theframework lanefor
more,largerscale,computationprojects.I wishwewouldhavehadtimeto runthe
codeI wrotewith largerlatticesizes.Thegraphsdepictedaboveareonly for ��	��
latticeswhich leadsto ����	!��� matrices.I enjoyed this projectbecauseit is very
exciting to seea programthatusuallytakesa very long time on a singlemachine
completeexecutionmuchfaster.
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