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1 Intr oduction

Due to the rapidgrowth of personalcomputerandnetworking technology, it hasbecome

possibleto achieve supercomputerperformancefrom a network of personalcomputers.These

personalcomputersneednot beexpensivesupercomputersor any computernot foundin a col-

legecomputerlab. By networking thecomputerstogether, theprocessingpower of eachsingle

computer, or node,canbe usedin parallelto work on onetask. The advantageof developing

a clusterof machinesis that currenttechnologyin the lab canbeusedfor creatinga machine

which is ableto solvecomputationallyintenseproblems.

During thesummerof 1999,thecomputersin roomPYS308at theUniversityof Northern

Iowa were clusteredtogether. The type of clusterconstructedis called a Beowulf Cluster.

The Linux operatingsystemwas installedon all the computersto facilitate the cluster. The

advantagesof Linux includeits freecost,availability, andsupportfor Beowulf clustering.Linux

wasinstalledalongwith Windows NT so that the lab computerscould be usedboth for their

original use(classexercises,studentuse,etc.)andasaclusterto solvecomputationallyintense

problems.A dual-bootmechanismallowedthecomputersto beswitchedfrom onesystemto

theotherat boottime.

After the Beowulf was built, the performanceof the clusterwas tested. Codethat was

previouslywrittenbyDr. JohnDeiszof theUniversityof NorthernIowaandhiscollaborators[3]

wasrunontheclusterfor benchmarking.Theinitial resultsof thisbenchmarkdemonstratedthat

thephysicalnetwork connectingthecomputerswastoo slow to make theBeowulf worthwhile
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for this particularcode.After upgradingthenetwork, performanceimprovedsignificantlyand

theclusterwasreadyto beusedfor numericalstudiesof physicalproperties.

After theclusterwasconstructedandtested,theclusterwasusedto studyspecificheatand

densityof statefunctionsfor nearly-magneticandnearly-superconductive materials.Previous

studies[3] havefoundapeakin thespecificheatversustemperaturecurvesthatmarkthetemper-

aturewherematerialsbecomemagnetic/superconductive.Materialsaremagnetic/superconductive

at temperaturesbelow this peak,andthesematerialslosetheir magnetic/superconductiveprop-

ertiesabovethispeak.In thedensityof statesfunctionagapis observedto markthisboundary.

Thesepeaksin the specificheatandgapsin the densityof stateshave only beenstudiedfor

threeand two-dimensionalmaterial. The resultsfor one-dimensionalmaterialswerestudied

usingtheprocessingpower of thecluster. A breakin thespecificheatcurve wasfoundanda

smallpseudogapwasfoundin thedensityof statesfunction.

2 Beowulf Clustering

2.1 History of the Beowulf

In the past,universities,the government,andlarge companieshave usedsupercomputers

to model large numericproblems. Thesesupercomputershave barely met the demandand

have beenvery costly to operate. In the last few years,the personalcomputermarket has

becomevery competitive with pricesdroppingdramaticallyandprocessorspeedsincreasing.

The Centerof Excellencein SpaceDataandInformationSciences(CESDIS),a contractorof

NASA, developedtheBeowulf Projectto harnessthepowerof a largegroup,or cluster, of these
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inexpensivePCsto achievenearsupercomputerperformance.

The developmentof the Beowulf Projectbegan in 1994 at CESDIS.CESDISis in part

sponsoredby theEarthandSpaceSciences(ESS)project,whichis within theHigh Performance

ComputingandCommunications(HPCC)program.CESDIS’s missionis to bring togetherthe

computerscienceandengineeringresearchprogramsat universitiesandthestudiesconducted

by NASA[2]. The first Beowulf built wasto addresslarge datasetproblemsthat occurredin

ESSapplications,suchastheShoemaker-Levy 9 cometcollisionwith Jupiter.

Thefirst Beowulf clusterconsistedof 16 PCswith DX4 processorsnetworkedwith chan-

nel bondedEthernet.This clusterwasbuilt by ThomasSterlingandDon Becker. Thecluster

wasa success,andtheconceptspreadthroughoutNASA andeventuallyinto academicandre-

searchinstitutions. Fromthestart,thedevelopmentof theBeowulf outsideCESDISgrew for

its own reasonsandthetypesof Beowulf systemsvarieddrasticallyfrom theoriginal configu-

ration. TheHPCCnow recognizestheBeowulf clusterasa category within thesupercomputer

community[2].

By the middle 1990’s, it becameapparentthat it wasthe “right time” in history for Be-

owulfs. The mass-market competitionof PCsand the developmentof the publicly available

Linux OS andGNU compilersmadethe Beowulf very affordable. As PC priceskept drop-

ping, building parallelcomputerswith off-the-shelfcomponentsbecamemoreaffordablethan

purchasingexpensive supercomputers.Most noticeably, the price per performanceratio of a

Beowulf clusteris threeto tentimesbetterthanasupercomputer, suchasaCraymodel[6].
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2.2 General Beowulf Ar chitecture

A Beowulf machineis network of computersusedfor parallelcomputations.Unlikeother

clusteringtechniquesor supercomputers,the Beowulf only usescommoditiesoff the shelf

(COTS) equipment,suchasPC’s runningLinux (a freePCversionof UNIX) connectedwith

standardEthernetadaptersandcabling[2]. No customcomponentsarerequired,socreatinga

Beowulf caneasilybeaccomplishedat aneducationalinstituteor smallbusiness.Also, many

Beowulfs havebeensetup by peoplewithoutmuchparallelcomputingexperience.

Beowulf clustersarebuilt in a varietyof configurations.Thetypical Beowulf clustercon-

tainsoneserver computer, or node,andmany client nodes.Theserver nodeservesfiles to the

clientnodesandis usuallythecomputerthatstartsrunninga parallelprogram.Clientnodesdo

not have to have monitorsor keyboards.Ideally, they canhave a “slim” installationof Linux

andcannotbereachedfrom outsidetheserver; i.e., they aretypically shieldedfrom theoutside

network by the server node. Beowulf client nodescanbe thoughtof asadditionalprocessors

andmemoryto theservernode[6].

BesidestheLinux kernelon eachnode,therereally is no specialsystemsoftwarerequired

for aBeowulf. A Network File Systemandremoteshellscouldbesetup to operatetheparallel

computer. However, therearemany softwarepackages,suchaskernelpatchesandmessage

passinglibrariesto facilitatea faster, morestable,andeasierto useBeowulf system.

In today’ssupercomputers,multipleprocessorsareoftenusedinsteadof asingleprocessor.

Therearemany reasonswhy parallelismis morebeneficialthanusinga singleprocessor. Pro-
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cessorspeedshave beendoublingevery 18 months,while correspondingRAM, bus,anddisk

speedshave not. Runningprogramsin parallelwill decreasetheselimitations. Also, predic-

tionsindicatethatprocessorspeedswill not continueto increaseat theratethatthey havebeen

lately[6].

2.3 Our Beowulf Ar chitecture

TheBeowulf thatwasconstructedat theUniversityof NorthernIowa is composedof thir-

teenPentium-III550MHz computers.Eachhas1 gigabyteof harddrive disk spaceallocated

for theLinux OSand2 gigabytesallocatedfor data.Eachcomputerhas128megabytesof main

memory. Thenodeswerefirst connectedwith a10MB hub. Eachnodehasa100MB Ethernet

cardwhich wasconnectedto the hub. As is later shown by the benchmarks,the 10 MB hub

provedinsufficient. Thehubwasreplacedwith a100MB smartswitch.

RedHatLinux version6.0wasinstalledon eachnode.Thenetwork file system(NFS)and

remoteshell (rsh) werealsoinstalledon eachnode. NFS enablefile sharingandrsh enables

processesto bestartedremotelyonanodefrom anothernode.Thesenetworkingsystemsallow

sufficient communication(at theoperatingsystemlevel) to supportparallelexecutionof code

on thecluster. BeforetheBeowulf couldbeusedfor numericalstudies,theperformancehadto

betestedto ensureacorrectsetup.
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3 Benchmarking

3.1 Fluctuation ExchangeApproximation Code

TheBeowulf Clusterwasbenchmarkedwith FluctuationExchangeApproximation(FEA)

codethatwaswrittenby Dr. JohnDeisz[3].ThisFEA codemakesuseof theHubbardmodel[1].

This modeldescribesone-dimensional(
���

), two-dimensional(
���������

), or three-dimensional

structures(
�����	���
�	���

) thatholdelectronsin afinitenumberof atomicsites.Theseatomicsites

areequidistantfrom oneanother. Eachatomicsite in the latticecanhold up to two electrons:

onewith spin-upandtheotherwith spin-down.

The Hamiltonianmatrix can be usedto describethe Hubbardlattice. The Hamiltonian

matrix containsa termfor eachatomicsite in the lattice. This termdescribesthe tendency of

theelectron(s)to stayat thecurrentsite.Thevaluefor a termin thematrix is definedas


������������ ��� ������  �!�"�#%$  i is aneighborof j&  otherwise '
t is thehoppingfrequency, or therateat which anelectrontriesto “hop” to a neighboringsite.

��� is thedefault valuefor

����������

when
�(�"�

. Anotherparameterassociatedwith this modelis

theelectronattractionenergy U. This parameterdescribesthedifferencein potentialenergy of

two electronsat thesameatomicsite.

Whenonly 16 atomicsitesaremodeled,theHamiltonianmatrix maybecomputationally

diagonalizedandall propertiesof themodelcanbeobtained.However, a 16-sitelattice is not

largeenoughto accuratelymodela realsolid.
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The FEA codeattemptsto usethe Hubbardmodelwith a differentschemethat approxi-

matestheGreen’s function )+*-,./��0
1 . TheGreen’s functionis a functionof distance ,. andtime0
. )+*�,./��0
1 basicallydescribesthepropertiesof anelectronremovedat a distance ,. from and

time
0

afterwhereanotherelectronhasbeenaddedto thesystem.TheFEA codecalculatesthe

Green’s functionnumericallyby usingDyson’sEquation[7]

) *�,./��0 1 � )32 *4,./��0 16587:92 7;92 7<7 )=2 *�,. # ,.?>@��0 # 0 > 1 �
A *	,. > # ,. > > ��0 > # 0 > > 1 )+*/,. > > ��0 > > 1CB
0 > B
0 > > B
D > BED > >

where F �
1/(temperature).This relationshipcan be usedto determine)+*�,.:�G0E1 because

)=2�*�,./�G0E1 canbedeterminedexactly and
A

beapproximated.Notethat )324*-,./��0
1 is )+*�,./�G0E1
whentheelectronsdo not interactin thelatticeand

A *4,./��0
1 describestheeffectsof theinter-

actions.Once ) * ,.:�G0 1 is found, its valuecanbeusedto make a betterapproximationfor H .

ThenDyson’s Equationcanbeusedagainto find a betterapproximationfor )+*�,./�G0E1 . This is

themaincycleof theFEA code.

Solvingtheaboveequationfor ) * ,./��0 1 is notatrivial task.In orderto makethismodelnu-

mericallyeasierto calculate,periodicboundaryconditionsareimposed.With periodicbound-

ary conditions,a position ,.I�KJ(LM with latticedimensionsize N M �POQLM would beequivalentto

,.P��RSLM . Eventhoughthis is unphysical,usingtheseconditionsdo not significantlyaffect cal-

culations.Notethatassoonastheseconditionsareimposedfor everydimensionin thelattice,

) * ,./�G0 1 becomesaperiodicfunctionandDyson’sEquationcanbesolvedmoreeasilyby using

Fouriertransformations.After performingthetransformations,Dyson’sEquationbecomes

);T � * ,U � �WV 1X� )/T
�2 * ,U � �GV 1 # A * ,U � �GV 1
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After )Y* ,U � �GV 1 is determined,
A *4,./��0
1 can be evaluatedusing )+*-,./��0
1 , and then in turn,

) T � * ,U � �GV 1 can be re-evaluatedusing
A * ,U � �GV 1 . This self-consistency loop involves many

Fourier transformations.ThesetransformationsareimplementedusingtheFastFourierTrans-

formation(FFT) algorithm[5] in theFEA code.

3.2 Parallelizing the FEA Code

Parallelizinga programis theprocessof enablingit to run on multiple computers.Deter-

mining how a programshouldrun in parallelis a complex taskthatmany third partycompil-

ersprovide asa built-in function. In orderto understandthe processof developinga parallel

program,the conceptsof concurrency andparallelismmustbe given attention. Concurrency

involvesthe partsof a programthat canbe computedindependently, while parallelismrefers

to executingconcurrentpartsof a programin parallel. Decidingwhich concurrentpartsof a

programshouldberun in parallelis thetaskof theprogrammer.

Not all concurrentpartsof a programshouldbe run in parallel. For example,considera

programwith a compute-boundloop thattakessecondsto executeandrequiresonesecondfor

datato transferduringtheloop. Thisprogramwouldnotbeagoodcandidateto parallelize.But

considera programwith a compute-boundloop measuredin minutesandonly requireda few

secondsof datatransfer. Thisprogramwouldbeagoodcandidateto parallelize.

The rateof communicationtime versusprocessingtime mustbe consideredwhendeter-

mining whetheror not concurrentpartsshouldbe run in parallel. Dif ferent programshave

differentcommunicationversusprocessortime ratios,andrunningprogramson differentBe-
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owulfs canalter theperformancebasedon this ratio. For example,a compute-boundprogram

would requirea Beowulf with very fastCPUsandlow speednetwork, while an input/output

boundprogramwould requirea high-speednetwork andmoderatelyfastCPUs.

In orderfor theBeowulf clusterto run a programin parallel,theprogrammustbebroken

down in concurrentparts.Thisstepis usuallyeasierby leaving this to aparallelizingcompiler.

Thesecompilersareusuallyfor FORTRAN, but C compilerscanalsobeobtained.FORTRAN

is morecommonlyusedbecauseit is a languagedesignedfor scientificprograms.

Concurrency in programscanbedescribedin two primaryways:explicit parallelismmeth-

odsandimplicit parallelismmethods.Whenconvertinga programusingexplicit parallelexe-

cution, theprogrammermustembedmessagesin thesourcecodeso that theBeowulf Cluster

knows which partsof a programareconcurrentandhow to executethemin parallel. These

embeddedmessagesareusuallyusedwith theMPI (MessagePassingInterface)standard.This

library hasfunctionsincludedthatenableeasierparallelcoding.

With implicit parallelmethods,the compilerdoesall of the parallelization.High Perfor-

manceFORTRAN (HPF)is themainprogramminglanguagewhich supportsthis methodwith

otherlanguagesunderdevelopment.Theuseris requiredto providesomeinformationaboutthe

concurrency of theprogram,but thecompiler implementsthe parallelismitself. This method

provides more portability than the explicit parallelismmethod[6]. The FEA codeis imple-

mentedusingHPF.

HPFparallelizesaprogramprimarilybydistributingtheprogram’sdataacrossthenodes[4].
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TheFEA codemaintainsa multidimensionalarraythatstoresthecurrentGreen’s function for

eachsite in the latticeandfor every time step. Thearraycanbequite large. Most of thepar-

allelizationof this codeis specifiedby definingthis arrayto be distributedandnotifying the

compilerthatoperationsdoneonthisarrayare“safe” to bedoneindependentof eachother. For

example,if anarraycontained500elements,thenthearraycouldbebrokendown into 5 blocks

of 100elementsoneachcomputerin aclusterwith 5 nodes.Whenanoperationis doneon this

array, eachnodeperformsthatoperationon thesubsetof thearraywhich thenodeis storing.

The FEA array is multidimensional,so this distribution is performedon the time dimension

only.

3.3 Resultsof Parallelizing the FEA Code

To test the performanceof the 13-nodeBeowulf Cluster, the FEA codewas run using

arbitrary parametersfor 5 iterationsof its main loop. The FEA codewas run on a varying

numberof processorsin orderto seehow well theprogramwouldperformondifferentnumber

of processors(in this case,nodes).Thelatticedimensionsizeswerealsovaried.Theresultof

theFEA benchmarksareshown in Figure1.

Theresultsfor the10MB hubweredisappointing.Theclustertookupto five timeslonger

to run codethana singleprocessorcomputer. The sharpincreasein programexecutiontime

from1 to 2 processorsshowsthatthecoderequiressignificantcommunicationamongthenodes.

Viewing theprocessorusageof eachnodeduringexecutionof thecodeshowedthateachpro-

cessorwasnot beingusedto its full capacity. Eachprocessorwas“starved” for information,
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Figure1: This graphshowstheperformanceof theBeowulf clusterusingthe10 MB hub. Net-
work speedappearsto bethelimiting factordueto thegreatincreasein processtime observed
from goingfrom 1 processorto 2 processors.After 2-5processorsarereached,theprocesstime
slowly increaseswith numberof processorsused.

which wasnot locatedlocally but on anothernode,requiredto make calculations.As shown

in Figure2, theBeowulf performanceimproveddramaticallywhenthenetwork wasupgraded

from a10MB hubto a100MB smartswitch.

The resultsof thesebenchmarksconcludethat the FEA coderequiresmuchcommunica-

tion, but what would be the reasonfor this? Fortunately, the HPF softwarethat wasusedto

compiletheFEA codehasa profiling mechanismwheretheexecutiontime for eachpartof the
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Figure2: This graphshows theperformancewith the100MB smartswitch. Consideringthe
performanceobserved with the hub, the mostobvious part of this graphis the large drop in
processtime from 1 to 2 processors.Thecodewith thelargestarray ] � ] � ] �^O_Ra` appeared
to have the mostbenefitsfrom the cluster. Not muchperformanceis gainedon morethan8
processors.

codecanbeanalyzed.Two profiling screendumpsareshown in Figure3.

The fft 4d function is responsiblefor converting the Green’s function and
A

to their dif-

ferentformsvia theFFT. In orderfor theGreen’s functionand
A

to beconvertedto functions

of differentvariables,theFFT functionmustperforma separatesummationof eachdimension

of the arraystoringG. Note that onedimension,the time dimension,is distributedacrossthe
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Profile of FEA codeon hub – 8x8x8x512lattice, 4 processors
File Name Line Function Calls Time

4D fft.hpf 1 fft 4d 48 372.907
sigmapp.hpf 1 sigmapp 6 52.735
sigmaph.hpf 1 sigmaph 6 44.672
main.hpf 1 hubbard 7 17.915
chi pp om.hpf 1 chi pp om 6 13.634
t pp r tau.hpf 1 t pp r tau 1 12.095
chi ph.hpf 1 chi ph om 7 8.422260
g rtau.hpf 1 g rtau 6 8.023600
g0 komega.hpf 1 g0 komega 1 7.580720
g0 rtau.hpf 1 g0 rtau 1 5.112040
sigmainit.hpf 1 sigmainit 3 4.541970
phi fea.hpf 1 phi fea 2 3.475250
cor energy.hpf 1 cor energy 7 2.031020
bc find.hpf 1 bc find 6 1.743420
x find.hpf 1 x find 1 0.163754
var init.hpf 1 var init 1 0.032496
wv find.hpf 1 wv find 6 0.003014
poly init.hpf 1 poly init 1 7.81e-05
pghpf.prelink.f 0 pghpf$static$init 1 3.11e-05

Profile of FEA codeon switch – 8x8x8x512lattice, 4 processors
File Name Line Function Calls Time

4D fft.hpf 1 fft 4d 48 107.384
sigmapp.hpf 1 sigmapp 6 27.573
sigmaph.hpf 1 sigmaph 6 18.816
main.hpf 1 hubbard 1 18.051
chi pp om.hpf 1 chi pp om 7 17.934
t pp r tau.hpf 1 t pp r tau 6 13.639
chi ph.hpf 1 chi ph om 7 8.423920
g rtau.hpf 1 g rtau 6 7.764820
g0 komega.hpf 1 g0 komega 3 4.517040
g0 rtau.hpf 1 g0 rtau 2 3.292500
sigmainit.hpf 1 sigmainit 1 3.046050
phi fea.hpf 1 phi fea 1 2.649080
cor energy.hpf 1 cor energy 1 1.706130
bc find.hpf 1 bc find 6 1.212070
x find.hpf 1 x find 7 0.835585
var init.hpf 1 var init 1 0.032174
wv find.hpf 1 wv find 6 0.003018
poly init.hpf 1 poly init 1 6.20e-05
pghpf.prelink.f 0 pghpf$static$init 1 3.19e-05

Figure3: Thesetwo chartsshow thenumberof callsandprocessingtime for eachsection,or
function,of theFEA codefor a samplerun. Thefft 4d functiondominatedthetotal processing
timefor thecoderunningonboththehubandtheswitch.Theswitchimprovedtheperformance
of thefft 4d functionby thegreatestamount.

machines.Thepresentsaproblemwith theparallelizedFEA code.BeforeandaftertheFFTon

the time dimension,thewholearraystoringG mustberedistributedacrossthenodesin order

for eachnodeperformtheFFT on thetime dimension(thearrayis simply redistributedacross

thespacedimensionfor this interval). SincetheFEA codeis datadistributed,eachnodewould
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wantthisdatadistributedat thesametime. Thiscausesanenormousnetwork bottleneckwhich

is shown by Figure1 andtheprofiling results.

4 SpecificHeatsfor 1-D Superconductorsand Magnets

In somethree-dimensionalmaterial,previousresultshave indicatedthat thereis a discon-

tinuity, or peak,in the temperature-dependentspecificheatfunction. This peakdistinguishes

whetherthematerialbeingmodeledis magnetic/superconductive or not. Above this peak,the

materialis thoughtto generallyloseits magnetic/superconductive properties.For two dimen-

sions,asmallhumpis observedin the b�c � $ � function. b�c � $ � hasnotpreviouslybeenstudiedin

detailfor onedimensionusingtheFluctuationExchangeApproximation.UsingtheFEA code,

b�c � $ � wasfoundfor thesingledimensionlattice.

Sincethe FEA codeis able to output an energy value, d � N � can be differentiatedwith

respectto temperatureto obtainthe specificheatfunction. The FEA codemust,however, be

run for eachtemperaturebeingusedto producethefunction. To modelmagnetism,interaction

potentialsof +1 and+3 areusedasparametersto the FEA code. Note that thesevaluesare

dimensionlesssincethepotentialsaredefinedwith thehoppingfrequency
� e
. The b�c � $ � func-

tionsfor f � 5 R
and f � 5hg

areshown in Figure4. Thefunctionsfor latticesizesof 64 and

256areplottedin orderto show thata 64-sitelattice is significantenoughto produceaccurate

results(for latercalculations,256siteswill betoo largeto compute).

The b�c � $ � is alsoshown for superconductivity in Figure4. Superconductivity is studied

by just changingthepotentialsto -1 and-3, andby changingtheelectrondensityparameterto
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Figure4: Thesetwo graphsshow thetemperature-dependentspecificheatfunctionsfor super-
conductivity andfor magnetism.TheFEA codewasrunfor temperaturesof

& ' O=sutwv
e

to
& ' & `6sutwv

e
valueswith a stepsizeof

& ' & `Ssut@v
e

. Functionsfor only 64-sitelatticesareshown for supercon-
ductivity sincethemagnetismcalculationsproved64siteswereenoughto avoid errorswith the
model.Breaksareshown in the b�c � $ � functionsfor f �Yx g .
0.75e-/siteinsteadof 1.0e-/site,which wasusedfor themagnetismcalculations.

Insteadof peaks,changesin slopeare observed in the specificheat functions. These

changesare only noticedfor potentialsof f �yx g
. Theseresultsfollow the patternof di-

minishingstructurein thespecificheatfor latticesof fewerdimensions.

5 Density of StatesFunction for 1-D Superconductors and
Magnets

Many experimentsandcalculationsfor three-dimensionsshow agapin thedensityof states

function whenmagnetism/superconductivity develops,similar to the discontinuityin the spe-

cific heatversustemperaturefunction. Previousresearchhasalsoestablishedthatpseudogaps

appearin two-dimensions.The FEA codewasusedon the Beowulf Clusterto determinethe
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densityof statesfor one-dimension.

The densityof statesfor electronsexperiencinginteractionscanbe determinedby using

theanalyticcontinuationmethod.TheFEA considerselectroninteractionsthroughthequantityA
. The ) � �GV � quantityis returnedfrom theFEA code.To find thespectraldensityfor a given

frequency, thefollowing equationcanbeused

z � � ��� # R{}|�~ ) � � 5 ����� '
In orderto find ) � � 5 ����� , a fit mustbemadeto the ) � � � data.ThePud́e Approximationwas

usedfor thisfit. Thisapproximationusesthefirst M pointsfrom thedatato fit acurve.

�)�� � � �-�
��� �GV � � 5"� � T �S��� �GV � � T

� 5��a�a��5"� 2��� �WV � �h�
� 5"� � ��� �GV � � 5��a�a��5"� 2

NotethatM mustbesmallerthanthetotal numberof pointsto fit. Thecodeusedfor this fit is

listedin AppendixA.

TheFEA codewasrun for thecaseof magnetism(electrondensity= 1.0e-/siteandU/t =

1,3)andsuperconductivity (electrondensity= 0.75e-/siteandU/t = -1,-3). TheFEA codewas

runfor temperatures
sutwv� � & ' O�� & '�� ] � & '�� J
� �a�a� & ' & ` . Thedatawascollectedfor 256sitesand64

sitesfor themagnetismcalculationsto ensurethat64 siteswereenoughfor anaccuratemodel.

Theresultsaredisplayedin Figure5.

Figure6 shows the formationof the pseudogapat low temperaturesfor magnetismand

superconductivity.
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eachplot. The magnetismdensityof statesappearsymmetric,while the superconductivity
densityof statesappearshiftedto theright with a higherpeakin thenegative frequency range.
Whenpotentialapproacheszero,thefunctionsgenerallyflatten.Noticethatfor bothmagnetism
andsuperconductivity apseudogapoccursat thelower temperature.
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Figure6: Graphedarethe densityof statesfunctionsat low temperaturesfor magnetismand
superconductivity. Thegraphsshow theformationof thepseudogap.Thepseudogapfor mag-
netismappearsto form earlier than for superconductivity. The bizarrehumpsin one of the
superconductivity graphsis only theresultof adifficult fit.
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6 Conclusion

The Beowulf parallelcomputerclusteris a versatile,cost-effective solutionfor computa-

tionally intenseprojects.TheCOTS technologyanddesirefor moreflexibility hasdriven the

developmentof the Beowulf. Startingfrom a needof CESDISwithin NASA, the Beowulf

projecthasquickly grown. Thedevelopmentof parallelizationmethodsof programsandthird

partysoftwaresupportsuchasMPI have increasedtheperformancenecessaryto put Beowulf

systemsin the supercomputerrealm. The do-it-yourselfattitudeassociatedwith the Beowulf

systemsincreasesthepossibilitiesof thearchitectureandenablesmoreinstitutionsto build such

asysteminexpensively (comparedwith expensivesupercomputers).

After upgradingthenetwork, theBeowulf ClusterconstructedattheUniversityof Northern

Iowa performedvery well, despitethe datadistribution problemswith the multidimensional

FFT. Thespecificheatanddensityof statesfunctionweredeterminedfor nearly-magneticand

nearly-superconductive materialsby usingtheFluctuationExchangeApproximationcodeand

theHubbardmodel.Thespecificheatasa functiona temperaturehada breakandapseudogap

wasfoundin thedensityof statesfunctionfor bothmagnetismandsuperconductivity.
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A Codefor PudéApproximation to ¥§¦a¨ N�©
C Robert Sheerer
C July 29, 1999
C pude.F

C preprocessor constants
#ifndef M
# define M 30
#endif
#ifndef NMAX
# define NMAX 1024
#endif
#ifndef S
# define S 0.01
#endif

C declarations
character*80 filename
integer n, l, input, row, col, info
real E(NMAX)
real spectral_density
complex q(2*(M+1)), p(2*(M+1)), G(NMAX), c_vector(2*(M+1),1)
complex c_vector_orig(2*(M+1),1), c_vector_computed
integer x_vector(2*(M+1))
complex matrix(2*(M+1),2*(M+1))
complex greens, greens_num, greens_den

C initializations
call getarg(1,filename)

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCC MAIN CCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

C read Ei,G(Ei) data
input = 1
open (input, FILE=filename, FORM=’FORMATTED’)
do n=1,NMAX

read (input,*) E(n), G(n)
end do
close (input)

C create matrix
do row=1,2*(M+1)

do col=1,M+1
matrix(row,col) =

& G(row)*(CMPLX(0.0,E(row)))**((M+1)-col)
matrix(row,(M+1)+col) =

& -(CMPLX(0.0,E(row)))**((M+1)-col)
end do

end do

C create c_vector
do l=1,2*(M+1)

c_vector(l,1) = -(CMPLX(0.0,E(l)))**(M+1) * G(l)
c_vector_orig(l,1) = -(CMPLX(0.0,E(l)))**(M+1) * G(l)

end do

C solve linear equation: "matrix*x_vector = c_vector" for x_vector
call CGESV(2*(M+1),1,matrix,2*(M+1),x_vector,

& c_vector,2*(M+1),info)
if( info .ne. 0 ) then

print *, ’info = ’, info
print *, ’Unable to solve linear equation. Exiting.’
stop

end if
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do i=1,2*(M+1)
c_vector_computed = CMPLX(0.0,0.0)
do j=1,2*(M+1)

c_vector_computed = c_vector_computed +
& matrix(i,j) * c_vector(j,1)

end do
end do

C assign q’s and p’s
do l=1,M+1

q(l) = c_vector(M+2-l,1)
p(l) = c_vector(2*M+3-l,1)

end do

C output E, spectral_density(E) data
do n=-800,800

omega = float(n)/20.0

greens_num = CMPLX(0.0,0.0)
do l=0,M

greens_num = greens_num + p(l+1)*(CMPLX(omega,S))**l
end do
greens_den = q(1) + (CMPLX(omega,S))**(M+1)
do l=1,M

greens_den = greens_den + q(l+1)*(CMPLX(omega,S))**l
end do
greens = greens_num / greens_den

spectral_density = (-1.0/3.14159)*aimag(greens)
print *, omega, "\t", spectral_density

end do

end
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