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Abstract

We describethe applicationof a Beawvulf clusterto modelingthe effects of
disorderon a systemof electrons. The detailsof constructinga Beowulf cluster
arepresentedThefreely availablecomputationalibrariesusedin our calculation
will alsobe described.We presenthe modelstudiedandresultsobtainedfor the
opticalconductvity in a systemwith disorder



1 Introduction

The goal of this researctwasto determinethe effectsof disorderon a systemof
electrons.In orderto createa programthat canmodela large systemtherewere
several preliminarysteps.Firstwe neededo build anenvironmentto developand
run programsn.

In our casea singlecomputerwould not be enoughbecauseve needto com-
pute large amountsof data. So not only did we needto setup one computerfor
programming but alsoan entire network of computershat could work together
This network of computersds knowvn asa Beawulf cluster or justasa Beowulf.

Oncethe Beowulf is completewe then needto write programsto performa
preliminaryanalysisof a particularmodelfor a systemof electronsn adisordered
ervironment.

2 What isa Beowulf?

Whenaskingwhat a Beawvulf is one shouldfirst askwhata supercomputeis. A
supercomputeis a machinewith lots of processingpower. Wouldnt it be safeto
assumehataroomfull of N computersvhereeachcomputercontainsaprocessor
with a givenamountof processingpowver could actualbe considereda singlema-
chinewith N timesthe processingpower of a singlemachineif therewasa way
to combinethem?In 1994ThomasSterlingandDon Becler [1] implementedhis
ideawith PChardware,creatingwhatthey calleda Beowulf.

A Beowulf is a group of computerghat containsomemethodof communi-
catingwith eachother A typical Beawulf is a clusterof PC’s networked together
with 100 Mbps Ethernet.Thesemachinesalsotypically run a Unix-like operating
systemmostcommonlyLinux is used.

Whenprogramminga Beowulf thefactthatyour codeneedgo run on multiple
remote CPUs must be considered. However, it is not as difficult as one might
expectdueto a large amountof libraries and software written that make it easy
to distribute processes.in our researchwe becamefamiliar with MPI, Message
Passinginterface,andHPF, High-Performancé&ortran.

3 TheHardware

3.1 A Single Node

This projectwas certainly startedcorrectly when thirteen500 MHz Pentiumlll
computersveredelivered.Eachmachineis alsoarmedwith 128 MB of RAM and



mostimportantlya 10/100Ethernetadapter Sincethesemachinesarecommodity
boxesthatproduceover 300 Mflops! eachwe areconformingto the specification
thatstatego beaBeowulf it mustbe cheapandpowerful.

3.2 Hubsand Switches

Oneof thefirst thingswe realizedwhenwe werereadyto startthis projectwasthe
factthatwe hadvery nice computerghat containedL0/100Ethernetadaptersbut
they wereall hooked into a 10 mbit huh We knew thatwe would not be getting
nearlythe performanceve could getif we weregoingto runonaslow hubrather
thenafastswitch. Sowe requested 100 mbit switch.

We did sometestingbefore and after the newv switch camein with a utility
callednetperf[3. Netperfcanbeusedto performmary network tests.We choseto
seethethroughputof a streamof bothUDP and TCP paclets. Therearetwo runs
shawvn belaw for the switch. Onewith the network busy andonewithout. You can
seethatthereis only a smalldifferencebetweerthroughputof a busy network and
anonbusy network. | wish | hadresultsfrom a busy hub becausesinceunlike a
switcha hubdoesnot directtraffic andl assumehe differencebetweerbusy and
nonbusywould be muchlarger Thethroughpuis givenin 108 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 haclersasa hobby It wasorig-
inally startedby Linus Torvaldswho was studentin Finlandlooking to improve
Minix which wasanotherUnix-like operatingsystem.ThereasorLinux is soro-
bustis becausét is opensourcewhich allows ambitiousgurusto find andfix bugs.
Opensourcesoftware is simply software wherethe programmerglistribute the
actualsourcecodethey wrote. It is commonlyfreely distributed.

1Thewhetstonebenchmarlsoftwareproved the P1il 500to produce362 Mflops



4.1 Why useLinux?

Why useLinux for a Beowulf? By usinga Unix-like operatingsystemwe gaina
large collectionof well-establishedhetworking tools. To list a few, which will be
describednorelater, it supportssuchthingsasrsh and NFS which make remote
useeasy

It is alsoa goodchoicefor running CPU intensve jobs becausehe kernelis
quite stableand managesnemorywell. Of course,anotherreasonto useLinux
is that it is free. Unlike someoperatingsystemswhere you must purchasean
expensve licensefor every machinerunningit, with Linux you canhave a cluster
of ary sizeall runningLinux for free.

Why uselLinux for a developmentplatform? Linux, beinga Unix-like oper
ating system hasthe advantageof usingthe mary programsof the GNU project.
This meanghatfree editorsandcompilersareavailablefor it. In factif you usea
Linux distribution like RedHat, thosecompilersand utilities arequite easyto in-
stallandyou canhave adevelopmeniplatformreadyfor usein amatterof minutes.

5 Useful Networking Software

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

5.1 rshandFriends

Thetwo mainremoteuseapplicationsaretelnetandrsh. Telnetallows youto login

to theremotemachineandreturnsa shellthatallows you to remotelycontrolit by

useof command®nthecommandine. Youmayevenusethe GUI (graphicaluser
interface)programsby simply sendingthe displayof the remotemachineto your
local machine.

Rshis quite similar to telnet,it too will returna shell. Or if you senda com-
mandalongwith yourrshcall thenit will executethecommancdntheremotehost
andreturnto the local machine. Rshis very handyfor startinga processup on
several remotemachinessimultaneously Rshhasa sistercalledrcp. Rcpallows
you to copy afile from one machineto anotheraseasilyascopingit from from
directoryto anothemn asinglemachine Herearesomeexamplecalls of thesewo
importantcommands.



[drewj @ecll drewj]$ rsh cec00 unane -n

cec00

[drewj @ecl1l drewj]$ rcp cec00: /et c/ HOSTNAME .
[drew @ecll drewj]$ cat HOSTNAME

cec00

If you setup the systemdo allow root, the superuserto rshto all the nodes
thenit is quiteeasyto install softwareon all of themsimultaneouslyvith a simple
script.

| createdsucha script which | named‘doall’. This script takes two setsof
arguments. First it took a list of machinenumbersand secondit took the list of
commandsHereis thesynopsis;

[drewj @ecll drewj]$ doall -h

doall "cnd(s)’ -command(s) run on all nodes
doall 2-4 'cnd(s)’ -command(s) run on nodes 2,
3, 4

doall 2,6,9 'cnd(s)’ -comand(s) run on nodes 2,
6, 9

You nmust use quotes ' ' around the conmmand(s).

Hereis an exampleof how one might useit to install the free Fortran compiler
from the GNU projecton all thenodes.

[drew @ecll drewj]$ doall 'rpm-i egcs-g77-1.1.2-
12. rpm

5.2 NFS

Fromthe earlierexamplein the lastsectionit would appeatthatthe file egcs-g77-
1.1.2-12.rpmis in my homedirectory on every machine. It could be distributed
aroundwith rcp, but to save time it is easiesto useNFS, Network File Systemto
distribute certaindirectoriesaroundto all nodesall thetime from a centrallocation
suchasa mastemodeor afile sener. We have a mastemodethatholdsourhome
directoriesandit allows NFSmountsfrom ary of thenodes.With Unix andLinux,
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NFSallows localandremotefile systemso blendtransparentlyif | login to cecOO
| getthesamehomedirectoryasif | login to cec10or ary othernodeandit looks
like alocal homedirectory however thosefiles in my homeareonly local to the
master

While NFSis very handyit doesgeneratanetwork overheadln a Beowulf you
wantyour network to beasclearaspossiblesoyour codepassesnessageasquick
aspossiblewhenyou runit. To avoid unneededetwork overheadwe useautofs
whichis aprogramthatwatchegor neededNFSmountsandautomaticallynounts
themon demand.If amounthasnot beenusedfor a certainamountof time then
it unmountghatdirectorythuslesseninghe network load. Thisis very necessary
if thereareseveraluserswith homes.For exampleif only onepersonneededhe
clusterbut fifty homedirectorieswere mountedon all the nodesthenyou would
have alot of wastedbandwidth.

The nodesalsosharesomedirectoriesfrom themselesto the others,they are
/ mt/ dat a and/ mt/ cdrom / it/ dat a is alarge partitionthatis shared
becaussomeprogramamaylik e to storepartial solutionson remotenodesduring
execution./ nmmt / cdr omis sharedecausé¢hatallows usto sit down atarny node,
insertacdrom,andaccesst from ary othernoderemotely

6 Useful Programming Software

With ary Unix-like operatingsystemthereis a wealthof compilers,editors,and
libraries available, becausdJnix hasbeenthe primary developmentplatform for

several years. Thereare even free versionsof thesetools. In our casewe used
the free Fortran 77 compiler thatis distributed underthe GNU Public License
(GPL),calledg77.Wealsousedhestandardext editordistributedwith mostevery

Unix calledvi. As for thelibrariesin my specificprobleml| neededo calculate
eigervectorsandeigervaluesto of amatrixandtherehappenso beaparallellinear
algebrapackageavailable called Scalapack. Scalapckalso requiresa few other
librariesto beincluded.

6.1 Prosand Consof Fortran and of g77

This wasmy first experiencewith Fortran77 andl waspleasedo seethatit was
quite easyto corvert mathematicakquationsnto functions. Containinga built-in
compl data-typewvasalsoagreattime saver. | wasdisappointedvith thelack of
theability for dynamicallocationof arraysin g77 andthelack of theability to use
recursion.

This wasalsomy first experiencewith g77. | believe g77is an‘ok’ compiler



I amthrilled thatthereis a free Fortrancompiler but | believe it still needswork.
Compilerwarningsanderrorswereeithernot very helpful or non-&istent,which
causecdhoursof addingprint statement$n codeto track down bugs. | alsoheard
from a talk[3] at Linux Expo '99 that through Toon Moenes benchmarkghey
discoveredthatg77is quiteinefficientandit wasmoreefficientto write the Fortran
code,usef2c (utility for corverting Fortranto C), thencompilewith gcc,the GNU
C compiler

6.2 TheJoy of Scalapack

Scalapacks a parallellinear algebralibrary. If you link to this library you are
grantednumeroudinear algebraroutines. Whentheseroutinesare executedthey
are broken into several processeshat can be distributed on all the CPUsin the
clusterat the sametime. Soif you have a very large matrix the problemsare
solved fasterbecauseeachmachineonly hasto work with a percentageof the
wholematrix. For exampleif we have a64 x 64 matrixandwe divide theproblem
over four processorgheneachprocessopnly hasto work with a32 x 32 matrix.

Scalapackvasdesignedo sit ontop of otherlibrariesto be moreabstractand
to allow usersto only link to the routinesthey need. Thereare actually four or
five otherlibrariesonewould needif they wish to useScalapackThey arePblas,
Blas, Blacs,andsomelibrary of messag@assingprimitives. Pblasis a collection
of parallelbasiclinearalgebrasubprogramsSomefunctionsin Pblascall on Blas.
Blacsis thebasiclinearalgebracommunicatiorsubprogramWe choseo useMPI,
MessagePassinglinterface,for our messagassingprimitives. Blas, Blacs,and
MPI areall platform specificwhile Pblasand Scalapaclare easilyportable. The
possiblefifth oneis Lapack.Lapackis thesingleprocessrersionof Scalapackhat
Scalapacks basedupon. Someroutinesin Scalapacknay dependon Lapack,but
the oneswe useddid not. Seethe diagrambelow.
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Gettingtheselibrariesto work togetherin harmoty proved to not be an easy
task.| feell shouldnotethoughthatevery probleml hadwasreally directly related
to thepoordocumentatioln Scalapackvhichis availablefromht t p: / / ww. net | i b. or g/ scal apack.
Someof thethingsthat| wishedwerebetterdocumentedrethe factthata patch
mustbe appliedto Blacsbeforeit canbe usedwith mpich (the MPI packagewe
used)andhow to bettereditthe Bmake.incfile beforebuilding Blacs.

As mentionedbriefly above the single processowversionof Scalapaclcalled
Lapackalsocontainsalarge collectionof linearalgebraroutines.We hadno prob-
leminstalling Lapackor Blasbecause¢hey canbedownloadedn rpm formatfrom
ftp:// metal ab. unc. edu. Rpm formatis the installationformat Red Hat
Linux usessoit is very easyto installonto RedHat.

7 Cloning

In orderto getall the softwarewe neededn all the machinesn an efficient way
| installedandconfiguredeverythingwe wishedto useon a singlemachine.Then
to save time | clonedthatmachinetwelve timesto producethirteenidenticalma-
chines.

At first | wasgoingto usea pieceof software calledghostwhich | hadheard
wasgoodfor cloning. However sinceghostis proprietaryl could not geta copy.
Soin orderto clonewith toolsathandl useda utility nameddd[5] thatis designed
to corvertandcopy afile andl corvertedthe partitioncontainingLinux andall the
softwareinto a singlefile. Thento sase time copying it acrosghe network | used
anothentility calledgzip andl compressethatfile down to almosthalf thesize.



Now | createda Linux bootdisk thathadnetworking configurationtools,NFS
supportandathathandyutility calleddd. | bootedeachof the othertwelve boxes
off thisfloppy, setup networking andusedNFSto mounta shareddirectoryonthe
alreadycompletebox thatheldthefile | created Thenl uncompressethefile and
useddd to turnthefile into animageon a pre-madepartition.

The machinewasinstantlybootableto Linux andonly neededsomenetwork-
ing parameterso be modifiedbeforeit wasreadyto participatein a Beowulf clus-
ter.

8 A SimpleModel for Electronsin Disordered

8.1 TheH-matrix

The H-matrix is an x n matrix, wheren = ng - n, - n, is the numberof sites
in anatomiclattice. This matrix determineshow the statevectorfor an electron
changesvith time andthe statedescribeghe probability for finding anelectronat
aparticularatomicsite. In our modelthis matrix is definedas

eali) : i=j
H(i,j) = t;; : if14,j arenearesheighbors
0 : if otherwise

wheree, (1) is the local electrostatigpotentialand %ti,j is the hoppingfrequeng,
the rateat which an electronattemptsto move from site¢ to site j. A is Plancks
constantIn anorderedatomiclattice e,(z) is the samefor all atomicsitesandt; ;
is the samefor all nearesheighborpairs,z, j. A look athow electronswvould hop
dueto anH-matrix thatdescribes systenthatis orderedookslik e thefollowing:

If theatomiclatticeis disorderedt mayappeamorelike this:
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Thevaluest; ; ande,(4) for adisorderedatticearereadin from aprogramthat
determinegheir valuesbasedin a particularrandomconfigurationof the atomic
sites.

Whatwe arereally interestedn is finding the probability thatan electronwill
beatagivensite. It is truethattheprobabilitiesof finding anelectronatagivensite
in anorderedsystemareall equalbecausall sitesareevenly spaced However in
adisorderedsystemwe needto usethe H-matrix to determinewvhattheprobability
is.

TheH-matrix canbediagonalizedo gainthe statevectorsandthe stateis used
for finding the probability of finding an electronat a given site. Diagonalization
givesyou the eigervectors,¥, andthe enegiesfor eachvector the eigervaluese.
Thisis whereLapackandScalapackvereneededo completethe computations.

8.2 Localization asa Function of Disorder

Thechemicalpotential i, is determinedrom thedensityof electronsn thelattice.
The electronamostresponsibldor electricalconductionhave enegiescloseto .

Sowe will plot the probability densityfor an electronwhoseeneqy is closestto

w. If the probabilityis large only for a smallnumberof sites,we saythe electron
is localized.

8.3 Impact on Optical Conductivity

Now with theinformationobtainedrom diagonalizingH , we canobtainthe opti-
cal conductvity. In this modela systemwith low disorderhashigh conductvity at
low frequeng (metal-like) whereasa systemwith higherdisorderis expectedto
have conductvity at high frequeng (insulatorlike). Changinga conductorto an
insulatorby increasinghedisorderis calledthe“Andersortransition”. Theoptical
conductvity, o1 (w) canbe computedasfollows wherew is thefrequeng.
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Theresultsareasfollows:
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8.4 NoDisorder, deltar =0

Optical Conductivity

Probability of Finding Electrons as a Function of Position and Disorder, deltar=0.0
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Optical Conductivity

deltar =8

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

Sincecreatingthegraphsdepictedabore for opticalconductvity requiredmultiple
runsof the sameprogramwith differentargumentswithin a setrangel foundthis
problemto be perfectlyparallelizable.This meanghat| could distribute an even
load over every processorTheway this wasaccomplishedvasby writing a short
shellscriptthatsimply dividestherangeby 15 for the 15 processorandthenrsh’s
to eachmachineandrunsthroughthe rangeof agumentsit asbeenalloted. The
masterthentakesthesesubset®f the resultsandcombineghembeforegraphing.
Thistechniqueprovedto increaseaheruntime by nearly15 asit should.

9 Summary

| believe this projectwassuccessfubecausave now have the framewvork lanefor

more,largerscale computatiorprojects.l wishwe would have hadtimeto runthe
codel wrotewith largerlattice sizes.Thegraphsdepictedabore areonly for 8 x 8

latticeswhich leadsto 64 x 64 matrices.l enjoyed this projectbecauset is very
exciting to seea programthat usuallytakesa very long time on a singlemachine
completeexecutionmuchfaster
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