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1 Intr oduction

Dueto the rapid growth of personakcomputerand networking technologyit hasbecome
possibleto achiere supercomputeperformancdrom a network of personacomputers.These
personabomputersieednot be expensve supercomputersr any computemot foundin a col-
lege computerdab. By networking the computerdogetheythe processingpower of eachsingle
computey or node,canbe usedin parallelto work on onetask. The advantageof developing
a clusterof machineds that currenttechnologyin the lab canbe usedfor creatinga machine

whichis ableto solve computationallyintenseproblems.

Duringthe summerof 1999,thecomputersn roomPY S308atthe Universityof Northern
lowa were clusteredtogether The type of cluster constructeds called a Beowulf Cluster
The Linux operatingsystemwas installedon all the computergto facilitate the cluster The
advantage®f Linux includeits freecost,availability, andsupporffor Beowulf clustering.Linux
wasinstalledalongwith Windows NT so that the lab computerscould be usedboth for their
original use(classexercisesstudentuse,etc.) andasa clusterto solve computationallyintense
problems.A dual-bootmechanisnallowed the computergo be switchedfrom one systemto

theotherat boottime.

After the Beowulf was built, the performanceof the clusterwas tested. Codethat was
previouslywrittenby Dr. JohnDeiszof theUniversityof Northernlowaandhis collaborators[B
wasrunontheclusterfor benchmarkingTheinitial resultsof thisbenchmarlkdemonstratethat

the physicalnetwork connectinghe computersvastoo slow to make the Beowulf worthwhile



for this particularcode. After upgradingthe network, performancemproved significantlyand

the clusterwasreadyto be usedfor numericalstudiesof physicalproperties.

After the clusterwasconstructe@ndtestedthe clusterwasusedto studyspecificheatand
densityof statefunctionsfor nearly-magneti@andnearly-superconduete materials.Previous
studies[3 havefoundapeakin thespecificheatversugemperatureurvesthatmarkthetemper
aturewherematerialdoecomanagnetic/supercondugt. Materialsaremagnetic/superconducé
attemperaturebelaw this peak,andthesematerialdosetheir magnetic/supercondueg prop-
ertiesabove this peak.In thedensityof statesunctiona gapis obsenedto markthis boundary
Thesepeaksin the specificheatand gapsin the densityof stateshave only beenstudiedfor
threeand two-dimensionamaterial. The resultsfor one-dimensionainaterialswere studied
usingthe processingpower of the cluster A breakin the specificheatcurve wasfoundanda

smallpseudogamvasfoundin the densityof statedunction.

2 Beowulf Clustering

2.1 History of the Beowulf

In the past,universities,the government,andlarge companiehave usedsupercomputers
to model large numeric problems. Thesesupercomputerbave barely met the demandand
have beenvery costly to operate. In the last few years,the personalcomputermarket has
becomevery competitve with pricesdroppingdramaticallyand processospeedsncreasing.
The Centerof Excellencein SpaceDataandInformation ScienceCESDIS),a contractorof

NASA, developedthe Beowulf Projectto harnesshepower of alargegroup,or cluster of these



inexpensve PCsto achiese nearsupercomputeperformance.

The developmentof the Beowulf Projectbeganin 1994 at CESDIS.CESDISIs in part
sponsorethy the EarthandSpacescience$ESS)project,whichis within theHigh Performance
ComputingandCommunication§HPCC)program.CESDISS missionis to bring togetherthe
computerscienceandengineeringesearctprogramsat universitiesandthe studiesconducted
by NASA[2]. Thefirst Beownulf built wasto addresdarge datasetproblemsthat occurredin

ESSapplicationssuchasthe Shoemakr-Levy 9 cometcollision with Jupiter

Thefirst Beowulf clusterconsistedf 16 PCswith DX4 processorsietworked with chan-
nel bondedEthernet. This clusterwashbuilt by ThomasSterlingandDon Becker. The cluster
wasa successandthe conceptspreadhroughoutNASA andeventuallyinto academiandre-
searchinstitutions. Fromthe start, the developmentof the Beowulf outsideCESDISgrew for
its own reasonsandthe typesof Beowulf systemsvarieddrasticallyfrom the original configu-
ration. TheHPCCnow recognizeshe Beowulf clusterasa category within the supercomputer

community[3.

By the middle 19905, it becameapparenthat it wasthe “right time” in history for Be-
owulfs. The mass-mark&t competitionof PCsandthe developmentof the publicly available
Linux OS and GNU compilersmadethe Beowulf very affordable. As PC priceskept drop-
ping, building parallelcomputerswith off-the-shelfcomponentbecamemoreaffordablethan
purchasingexpensve supercomputersMost noticeably the price per performanceatio of a

Beawulf clusteris threeto tentimesbetterthana supercomputesuchasa Cray model[q.



2.2 General Beowulf Architecture

A Beowulf machineis network of computersusedfor parallelcomputationsUnlike other
clusteringtechniquesor supercomputersthe Beawvulf only usescommoditiesoff the shelf
(COTS) equipmentsuchasPC'’s runningLinux (a free PC versionof UNIX) connectedvith
standarcEthernetadaptersaandcabling[d. No customcomponentsrerequired,so creatinga
Beowulf caneasilybe accomplishedt aneducationalnstituteor smallbusiness.Also, mary

Beawulfs have beensetup by peoplewithout muchparallelcomputingexperience.

Beowulf clustersarebuilt in a variety of configurations.The typical Beowulf clustercon-
tainsonesener computey or node,andmary client nodes.The sener nodesenesfiles to the
clientnodesandis usuallythe computerthatstartsrunninga parallelprogram.Clientnodesdo
not have to have monitorsor keyboards.Ideally, they canhave a “slim” installationof Linux
andcannotbereachedrom outsidethe sener;i.e., they aretypically shieldedfrom theoutside
network by the sener node. Beawnulf client nodescanbe thoughtof asadditionalprocessors

andmemoryto the sener node[6].

BesideghelLinux kernelon eachnode,therereally is no specialsystemsoftwarerequired
for aBeowulf. A Network File Systemandremoteshellscouldbesetup to operatetheparallel
computer However, thereare mary software packagessuchas kernelpatchesand message

passindibrariesto facilitatea faster morestable andeasierto useBeawulf system.

In today’s supercomputersnultiple processorareoftenusedinsteadof asingleprocessar

Therearemary reasonsvhy parallelismis morebeneficialthanusinga singleprocessarPro-



cessorspeedsave beendoublingevery 18 months,while correspondindRAM, bus, anddisk
speeddave not. Runningprogramsin parallelwill decreaseheselimitations. Also, predic-

tionsindicatethatprocessospeedswvill notcontinueto increaseat theratethatthey have been

lately[6].

2.3 Our Beowulf Architecture

The Beowulf thatwasconstructedat the University of Northernlowais composeaf thir-
teenPentium-111550 MHz computers.Eachhas1 gigabyteof harddrive disk spaceallocated
for theLinux OSand2 gigabytesallocatedfor data.Eachcomputethas128megabytef main
memory Thenodeswerefirst connectedvith a 10 MB huh Eachnodehasa 100MB Ethernet
cardwhich wasconnectedo the huh As is later shovn by the benchmarksthe 10 MB hub

provedinsufficient. The hubwasreplacedwvith a100MB smartswitch.

RedHatLinux version6.0 wasinstalledon eachnode. The network file system(NFS)and
remoteshell (rsh) werealsoinstalledon eachnode. NFS enablefile sharingandrsh enables
processeto bestartedremotelyon anodefrom anothemode. Thesenetworking systemsallow
sufficient communicationat the operatingsystemlevel) to supportparallelexecutionof code
onthecluster Beforethe Beowulf couldbeusedfor numericalstudiesthe performanceéhadto

betestedo ensurea correctsetup.



3 Benchmarking

3.1 Fluctuation ExchangeApproximation Code

The Beowulf Clusterwasbenchmarkdwith FluctuationExchangeApproximation(FEA)
codethatwaswritten by Dr. JohnDeisz[3]. This FEA codemakesuseof theHubbardmodel[]].
This modeldescribene-dimensionalL,), two-dimensionalL; x L), or three-dimensional
structureg L x L, x L3) thathold electronsn afinite numberof atomicsites. Theseatomicsites
areequidistanfrom oneanother Eachatomicsite in the lattice canhold up to two electrons:

onewith spin-upandthe otherwith spin-davn.

The Hamiltonianmatrix can be usedto describethe Hubbardlattice. The Hamiltonian
matrix containsa termfor eachatomicsite in the lattice. This term describeghe tendeng of

theelectron(s)}o stayatthe currentsite. Thevaluefor atermin thematrix is definedas

€4 1=]
H (i,j) =< —t : iisaneighborof ]
0 : otherwise

t is the hoppingfrequeng, or therateat which anelectrontriesto “hop” to a neighboringsite.
€q IS thedefaultvaluefor H (i, j) wheni = j. Anotherparameteassociatedvith this modelis
the electronattractionenegy U. This parametedescribeshedifferencein potentialenegy of

two electronsat the sameatomicsite.

Whenonly 16 atomicsitesaremodeledthe Hamiltonianmatrix may be computationally
diagonalizedcandall propertiesof the modelcanbe obtained.However, a 16-sitelattice is not

large enoughto accuratelynodelarealsolid.



The FEA codeattemptsto usethe Hubbardmodelwith a differentschemethat approxi-
mateghe GreensfunctionG (ﬁ, r) . TheGreens functionis afunctionof distancel andtime
.G (}?, T) basicallydescribeshe propertiesof anelectronremovedat a distancef from and
time 7 afterwhereanotherelectronhasbeenaddedo the system.The FEA codecalculateghe

Greens functionnumericallyby usingDyson’s Equation[q

¢(fr) = Go(fr)+ [ [ ] [Go(R—Rr—r)x

¥z (ﬁ’ —R" 7 — ’7'”) G (ﬁ”, 7'”) dr' dr" dr’ dr"”

where 5 = 1/(temperature). This relationshipcan be usedto determineG (ﬁ, 7') because
Go (R, 7') canbe determinedexactly andX be approximatedNotethat G, (1?, r) isG (ﬁ, T)
whenthe electronsdo notinteractin thelattice andX (ﬁ, 'r) describeghe effectsof theinter-
actions.OnceG (ﬁ, T) is found, its valuecanbe usedto make a betterapproximatiorfor .
ThenDyson’s Equationcanbe usedagainto find a betterapproximatiorfor G (R, 7'). Thisis

themaincycle of the FEA code.

Solvingtheaboveequatiorfor G (ﬁ, ’7') is notatrivial task.In orderto make thismodelnu-
merically easierto calculate periodicboundaryconditionsareimposed.With periodicbound-
ary conditions,a position R = 62 with lattice dimensionsizenz = 52 would be equivalentto
R = 1. Eventhoughthis is unphysicalusingtheseconditionsdo not significantlyaffect cal-
culations.Note thatassoonastheseconditionsareimposedfor every dimensionin thelattice,
G (R, 7') becomes periodicfunctionandDyson’s Equationcanbesolvedmoreeasilyby using

FouriertransformationsAfter performingthe transformationsDyson's Equationbecomes



After GG (E, en) is determined X (ﬁ, 7') can be evaluatedusing G (ﬁ, T), andthenin turn,
G-! (E, en) can be re-evaluatedusing X (E, en). This self-consisteng loop involves mary
FouriertransformationsThesetransformationgreimplementediusingthe FastFourier Trans-

formation(FFT) algorithm[g in the FEA code.

3.2 Parallelizing the FEA Code

Parallelizinga programis the proces=f enablingit to run on multiple computers.Deter
mining how a programshouldrun in parallelis a complex taskthat mary third party compil-
ersprovide asa built-in function. In orderto understandhe processof developinga parallel
program,the conceptsof concurreng and parallelismmustbe given attention. Concurreng
involvesthe partsof a programthat canbe computedindependentlywhile parallelismrefers
to executingconcurrentpartsof a programin parallel. Decidingwhich concurrentpartsof a

programshouldberunin parallelis thetaskof the programmer

Not all concurrentpartsof a programshouldbe run in parallel. For example,considera
programwith a compute-boundbop thattakessecondgo executeandrequiresonesecondor
datato transferduringtheloop. This programwould notbeagoodcandidatdo parallelize.But
considera programwith a compute-boundoop measuredn minutesandonly requireda few

second®f datatransfer This programwould be agoodcandidateo parallelize.

The rate of communicatiortime versusprocessingime mustbe consideredvhen deter
mining whetheror not concurrentpartsshouldbe run in parallel. Differentprogramshave

differentcommunicationversusprocessotime ratios,andrunning programson differentBe-



owulfs canalterthe performanceéasedon this ratio. For example,a compute-boungbrogram
would requirea Beawulf with very fastCPUsandlow speednetwork, while aninput/output

boundprogramwould requirea high-speedetwork andmoderatelyfastCPUSs.

In orderfor the Beawulf clusterto run a programin parallel,the programmustbe broken
down in concurrenparts.This stepis usuallyeasiery leaving this to a parallelizingcompiler
Thesecompilersareusuallyfor FORTRAN, but C compilerscanalsobe obtained FORTRAN

is morecommonlyusedbecausét is alanguagedesignedor scientificprograms.

Concurreng in program<anbedescribedn two primaryways: explicit parallelismmeth-
odsandimplicit parallelismmethods.Whencorverting a programusingexplicit parallel exe-
cution, the programmemustembedmessagem the sourcecodeso thatthe Beowulf Cluster
knows which partsof a programare concurrentand how to executethemin parallel. These
embeddeanessageareusuallyusedwith the MPI (MessagédPassinginterface)standardThis

library hasfunctionsincludedthatenableeasiemarallelcoding.

With implicit parallelmethodsthe compilerdoesall of the parallelization. High Perfor
manceFORTRAN (HPF)is the main programminganguagewnhich supportghis methodwith
otherlanguagesinderdevelopment.Theuseris requiredto provide someinformationaboutthe
concurreng of the program,but the compilerimplementsthe parallelismitself. This method
provides more portability than the explicit parallelismmethod[§. The FEA codeis imple-

mentedusingHPF

HPFparallelizesaprogramprimarily by distributingtheprograms dataacrosshenodes[4.

10



The FEA codemaintainsa multidimensionalrraythat storesthe currentGreens function for
eachsitein the lattice andfor every time step. The arraycanbe quite large. Most of the par
allelization of this codeis specifiedby definingthis arrayto be distributed and notifying the
compilerthatoperationgloneonthis arrayare“safe” to be doneindependenof eachother For
example,if anarraycontainedb00elementsthenthearraycouldbebrokendowninto 5 blocks
of 100elementon eachcomputerin a clusterwith 5 nodes.Whenanoperations doneon this
array eachnodeperformsthat operationon the subsetof the arraywhich the nodeis storing.
The FEA arrayis multidimensional,so this distribution is performedon the time dimension

only.

3.3 Resultsof Parallelizing the FEA Code

To testthe performanceof the 13-nodeBeawulf Cluster the FEA codewas run using
arbitrary parameterdor 5 iterationsof its main loop. The FEA codewasrun on a varying
numberof processoré orderto seehow well the programwould performon differentnumber
of processorgin this casenodes).The lattice dimensionsizeswerealsovaried. The resultof

the FEA benchmarksreshavnin Figurel.

Theresultsfor the 10 MB hubweredisappointing.The clustertook up to five timeslonger
to run codethana single processocomputer The sharpincreasein programexecutiontime
from 1 to 2 processorshownsthatthecoderequiressignificantcommunicatiormamongthenodes.
Viewing the processousageof eachnodeduring executionof the codeshavedthateachpro-

cessomwasnot beingusedto its full capacity Eachprocessomas“starved” for information,
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Beowulf Cluster Performance

HPF flux code, 5 iterations
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Figurel: This graphshownsthe performancenf the Beowulf clusterusingthe 10 MB huh Net-
work speedappearso bethelimiting factordueto the greatincreasan procesgime obsened
from goingfrom 1 processoto 2 processorsAfter 2-5 processorarereachedihe procesgime
slowly increasesvith numberof processorsised.

which wasnot locatedlocally but on anothemode,requiredto make calculations.As shavn
in Figure2, the Beowulf performancemproved dramaticallywhenthe network wasupgraded

froma10MB hubto a100MB smartswitch.

Theresultsof thesebenchmarkgoncludethatthe FEA coderequiresmuchcommunica-
tion, but what would be the reasonfor this? Fortunately the HPF software that was usedto

compilethe FEA codehasa profiling mechanisnwherethe executiontime for eachpartof the
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Beowulf Cluster Performance
HPF flux code, 5 iterations, 100MB smart switch
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Figure2: This graphshaws the performancevith the 100 MB smartswitch. Consideringhe
performanceobsened with the hub, the mostobvious part of this graphis the large drop in
procesdime from 1 to 2 processorsThe codewith thelargestarray8 x 8 x 8 x 512 appeared
to have the mostbenefitsfrom the cluster Not much performanceas gainedon morethan8
processors.

codecanbeanalyzed.Two profiling screerdumpsareshown in Figure 3.
The fft_4d functionis responsibldor converting the Greens functionandX: to their dif-
ferentformsvia the FFT. In orderfor the Greens functionandX: to be corvertedto functions

of differentvariablesthe FFT functionmustperforma separatsummatiorof eachdimension

of the array storing G. Note that one dimension 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
chippom.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
gO_komega.hpf | 1 g0_komega 1| 7.580720
gO_rtau.hpf 1 gO_rtau 1 | 5.112040
sigmainit.hpf 1 sigmainit 3 | 4.541970
phi_fea.hpf 1 phi_fea 2 | 3.475250
corenegy.hpf | 1 cor_enegy 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
tpprtauhpf | 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
gO0_komega.hpf | 1 g0_komega 3 | 4.517040
gO_rtau.hpf 1 g0._rtau 2 | 3.292500
sigmainit.hpf 1 sigmainit 1| 3.046050
phi_fea.hpf 1 phi_fea 1| 2.649080
corenegy.hpf | 1 cor_enegy 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 chartsshav the numberof calls and processingime for eachsection,or
function,of the FEA codefor a samplerun. Thefft_4d functiondominatedhetotal processing
time for thecoderunningon boththehubandthe switch. Theswitchimprovedtheperformance
of thefft_4dfunctionby the greatesamount.

machinesThe presents problemwith the parallelized~EA code.Beforeandafterthe FFT on
thetime dimension the whole array storingG mustbe redistritutedacrosshe nodesin order
for eachnodeperformthe FFT on the time dimension(the arrayis simply redistritutedacross

thespacedimensionfor thisinterval). Sincethe FEA codeis datadistributed,eachnodewould
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wantthis datadistributedat the sametime. This causeganenormousetwork bottleneckwhich

is shavn by Figurel andthe profiling results.
4 SpecificHeatsfor 1-D Superconductorsand Magnets

In somethree-dimensionahaterial,previous resultshave indicatedthatthereis a discon-
tinuity, or peak,in the temperature-dependespecificheatfunction. This peakdistinguishes
whetherthe materialbeingmodeledis magnetic/supercondugg or not. Above this peak,the
materialis thoughtto generallyloseits magnetic/supercondueg properties.For two dimen-
sions,asmallhumpis obsenedin theC, (t) function. C, (¢) hasnotpreviously beenstudiedin
detailfor onedimensionusingthe FluctuationExchangeApproximation.Usingthe FEA code,

C, (t) wasfoundfor thesingledimensionattice.

Sincethe FEA codeis ableto outputan enegy value, E (n) can be differentiatedwith
respectto temperaturgo obtainthe specificheatfunction. The FEA codemust, however, be
run for eachtemperaturdoeingusedto producethe function. To modelmagnetisminteraction
potentialsof +1 and +3 are usedas parameterso the FEA code. Note that thesevaluesare
dimensionlessincethe potentialsaredefinedwith the hoppingfrequeng % TheC, (t) func-
tionsfor U = +1 andU = +3 areshavn in Figure4. Thefunctionsfor lattice sizesof 64 and
256 areplottedin orderto shav thata 64-sitelattice is significantenoughto produceaccurate

results(for latercalculations256 siteswill betoo largeto compute).

The C, (t) is alsoshavn for superconductity in Figure4. Superconductity is studied

by just changingthe potentialsto -1 and-3, andby changingthe electrondensityparameteto
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Specific Heat vs. Temperature for Magnetism  Specific Heat vs. Temperature for Superconductivity

1-D lattice, electron density = 1 e—/site 64 site 1-D lattice, electron density = 0.75 e—/site
0.8 T T T T 0.8 T T T
G——oOUlt =1, 64 sites Ult= -1
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Figure4: Thesetwo graphsshown thetemperature-dependespecificheatfunctionsfor super
conductvity andfor magnetismThe FEA codewasrunfor temperaturesf 0.5 @ t00.02 %
valueswith a stepsizeof 0.02@. Functionsfor only 64-sitelatticesareshavn for supercon-
ductivity sincethe magnetisntalculationgroved64 siteswereenoughto avoid errorswith the
model.Breaksareshown in the C, (¢) functionsfor U = +3.

0.75e-/siteinsteadof 1.0 e-/site,which wasusedfor the magnetisntalculations.

Insteadof peaks,changesn slope are obsered in the specific heatfunctions. These
changesare only noticedfor potentialsof U = +3. Theseresultsfollow the patternof di-

minishingstructurein the specificheatfor latticesof fewer dimensions.

5 Density of StatesFunction for 1-D Superconductors and
Magnets

Many experimentsandcalculationdor three-dimensionshav agapin thedensityof states
function whenmagnetism/supercondueitly develops,similar to the discontinuityin the spe-
cific heatversustemperaturdunction. Previous researcthasalsoestablishedhat pseudogaps

appearin two-dimensions.The FEA codewasusedon the Beowulf Clusterto determinethe

16



densityof statefor one-dimension.

The densityof statesfor electronsexperiencinginteractionscan be determinedoy using
theanalyticcontinuatiormethod.The FEA considerslectroninteractionghroughthe quantity
Y. TheG (e,) quantityis returnedfrom the FEA code. To find the spectraldensityfor a given

frequeny, thefollowing equationcanbe used
1 .
p(e) = —;ImG (e +10).

In orderto find G (e + id), afit mustbe madeto the GG (¢) data. The Puce Approximationwas

usedfor thisfit. Thisapproximatiorusesthefirst M pointsfrom the datato fit a curve.

s (0) = (ien)™ + Py (ien) ™ + -+ P,
T i)™+ Qur (i) + -+ Qo

NotethatM mustbe smallerthanthetotal numberof pointsto fit. The codeusedfor thisfit is

listedin AppendixA.

The FEA codewasrun for the caseof magnetisnielectrondensity= 1.0 e-/siteandU/t =
1,3)andsuperconducitity (electrondensity= 0.75e-/siteandU/t = -1,-3). The FEA codewas
runfortemperature§f_1 =0.5,0.48,0.46, - - - 0.02. Thedatawascollectedfor 256sitesand64
sitesfor the magnetisntalculationdo ensurehat 64 siteswereenoughfor anaccuratenodel.

Theresultsaredisplayedn Figure5.

Figure 6 shows the formation of the pseudogagt low temperature$or magnetismand

superconductity.
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Density of States vs. Frequency for Superconductivity Density of States vs. Frequency for Magnetism

electron density = 0.75 e—/site, 64—site 1-D lattice electron density = 1 e—/site, 1-D lattice
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Figure5: The densityof statesfunctionsare shavn for magnetismand superconductity. A

graphfor high temperature’% = 0.5 andlow temperature’{ﬁ—T = 0.02 areshavn for mag-
netismand superconductity. Two differentpotentials% = +1, +3 aregraphediogetheron

eachplot. The magnetismdensity of statesappearsymmetric,while the superconductity

densityof statesappearshiftedto theright with a higherpeakin the negative frequeng range.
Whenpotentialapproachegero,thefunctionsgenerallyflatten. Noticethatfor bothmagnetism
andsuperconductity a pseudogajccursat thelowertemperature.

Formation of Pseudogap for Superconductivity Formation of Pseudogap for Magnetism
U/t = -3, 64-site 1-D lattice U/t = 3, 64-site 1-D lattice
0.4 T T T 0.4 T T T
—— KbT/t=0.2 —— KbT/t=0.1
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Figure6: Graphedarethe densityof statesfunctionsat low temperaturesor magnetismand
superconductaty. The graphsshow the formationof the pseudogapThe pseudogagor mag-
netismappeardo form earlierthan for superconductity. The bizarrehumpsin one of the
superconductity graphsis only theresultof adifficult fit.

18



6 Conclusion

The Beowulf parallelcomputerclusteris a versatile,cost-efective solutionfor computa-
tionally intenseprojects. The COTS technologyanddesirefor moreflexibility hasdriventhe
developmentof the Beowulf. Startingfrom a needof CESDISwithin NASA, the Beowulf
projecthasquickly grown. The developmentof parallelizationrmethodsof programsandthird
party software supportsuchasMPI have increasedhe performancenecessaryo put Beowulf
systemsn the supercomputerealm. The do-it-yourselfattitudeassociateavith the Beowulf
systemsncreaseshepossibilitiesof thearchitectureandenablesnoreinstitutionsto build such

asysteminexpensvely (comparedvith expensve supercomputers).

After upgradinghenetwork, theBeowulf Clusterconstructectthe Universityof Northern
lowa performedvery well, despitethe datadistribution problemswith the multidimensional
FFT. The specificheatanddensityof statefunctionweredeterminedor nearly-magnetiand
nearly-superconduste materialsby usingthe FluctuationExchangeApproximationcodeand
theHubbardmodel. The specificheatasa functionatemperaturédnada breakanda pseudogap

wasfoundin thedensityof statedunctionfor bothmagnetismandsuperconductity.
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Codefor Pudée Approximation to G(E,,)

Robert Sheerer
July 29, 1999
pude. F

0O0o0

C preprocessor constants
#i f ndef M

# define M 30

#endi f

#i f ndef NMAX

# define NMAX 1024

#endi f

#i f ndef S

# define S 0.01

#endi f

C decl arati ons
character*80 fil enane
integer n, |, input, row, col, info
real E(NVAX)
real spectral _density
conmpl ex q(2*(M1)), p(2*(Ml)), G NVMAX), c_vector(2*(Ml), 1)
conpl ex c_vector_orig(2*(Ml),1), c_vector_conputed
i nteger x_vector (2*(Ml))
conpl ex matrix(2*(Mrl), 2*(Mrl))
conpl ex greens, greens_num greens_den

C initializations
call getarg(l,filenane)

(6000666000660 0006600006600006600000660000;
CCCCCCCCCcCccC MAIN - CoCCccooecccoecce
(6000666000660 0006600006600006660000660000;

C read Ei ,Q(Ei) data
input =1
open (input, FILE=filenane, FORME' FORVATTED )
do n=1, NVAX
read (input,*) E(n), Qn)
end do

cl ose (input)

C create matrix
do row=l, 2% (M+1)
do col =1, M1
matrix(row, col) =
& G(row) *(CVWPLX( 0.0, E(row))) **((M+1)-col)
matri x(row, (Mrl) +col) =
& - (CMPLX(0.0, E(row)))**((Ml)-col)
end do
end do

C create c_vector
do | =1, 2*( M+1)
c_vector(l,1) = -(CWPLX(0.0, E(1)))**(M1) * 1)
c_vector_orig(l,1) = -(CWPLX(0.0,E(l)))**(M1) * )

end do
C solve linear equation: "matrix*x_vector = c_vector" for x_vector
cal | CGESV(2*(Mtl), 1, natrix, 2*(M+l), x_vect or
& c_vector, 2*(M1),info)
if( info .ne. 0) then

print *, "info =", info
print *, ’"Unable to solve linear equation. Exiting.’
st op

end if
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do i =1, 2*( M+1)
c_vector_conputed = CWMPLX(O0. O, 0.0)
do j =1, 2*( M+1)
c_vector_conputed = c_vector_conputed +
& matrix(i,j) * c_vector(j,1)
end do
end do

assign g's and p’'s
do =1, M1
q(l) = c_vector(M2-1,1)
p(l) = c_vector(2*M+3-1,1)
end do

output E, spectral _density(E) data
do n=-800, 800

omega = float(n)/20.0

greens_num = CMPLX(O0. 0, 0.0)

do | =0, M

greens_num = greens_num + p( | +1)*(CMPLX(onega, S)) **
end do
greens_den = g(1) + (CVMPLX(onega, S))**( M+l)
do | =1, M

greens_den = greens_den + q(l+1)*(CWMPLX(onega, S))**
end do

greens = greens_num/ greens_den

spectral _density = (-1.0/3.14159) *ai mag( gr eens)
print *, onega, "\t", spectral _density

end do

end
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