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Large-Scale Simulation Using
Parallel GENESIS

NIGEL H. GODDARD AND GREGHOOD

21.1 Intr oduction

PGENESISis a parallel form of GENESISthat enablessimulationof very large models.
Simulationmodelsarecritical for integrationof behavioral datawith anatomicalandphys-
iological data. Although explanationsof behavioral dataare possiblewithout resort to
neuralsimulationmodels(Chomsky 1957,e.g.),thoseintegrative accountsthatmake con-
tact with the anatomicalandphysiologicaldatarequirelarge-scalesimulationmodelsat
theneurallevel. Thescaleof themodelsrequiredcanbeseenin theoriesaboutthe func-
tion of the hippocampusin learningandmemory(McClellandandGoddard1996,Levy
1996).Thesetheoriesassertthatstatisticalpropertiesof �ring rates,synaptictransmission
ef�ciencies, andconnectionstructuresarecrucial in explaining informationprocessingin
the hippocampus.The validity of thesestatisticalpropertiesis conditionedon suf�cient
samplesizesthat cannothold if themodelscalesdown the real systemby morethanone
or two ordersof magnitude.Evenscalingdown by two ordersof magnitudeleavesuswith
very large modelsthat, aswe shall see,go beyond the capabilitiesof existing simulation
environments.

Two developingdataacquisitionmethodologiesaredriving this interestin largerscale
models. Technologiesfor imaging the nervous system,particularly functional magnetic
resonanceimaging (Belliveau,McKinstry, Buchbinder, Weisskoff, Cohen,Vevea,Brady
andRosen1991),allow us for the �rst time to testhypothesesembodiedin systemslevel
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modelsandto relatethesemodelsto behavior. Multi-electroderecordingdevices(Wilson,
McNaughtonandStengel1992),whicharenow migratingfrom thesmallnumberof origi-
natinglabsto a largergroupof usersin diverselabs,arealreadydeliveringindividual spike
datafor over one hundredcells simultaneously, allowing modelersto re�ne hypotheses
aboutinformationrepresentationsemployedin particularsystems.

Effective useof a parallel computerfor simulationrequiresthat the problembe par-
titioned in sucha way as to minimize the overheadassociatedwith communicationand
synchronizationbetweenprocessors,while at thesametime balancingtheamountof work
doneby eachprocessor. Overheadis minimizedby reducingthecommunicationbetween
componentsof the simulationthat resideon differentprocessors,andby maximizingthe
theextent to which thecomponentsof thesimulationon differentprocessorscanproceed
without synchronizing. Thereare two characteristicsof communicationhardware (e.g.,
Ethernet)thatarereferredto in this chapter. Bandwidthis theeffective rateat which data
can be sentover the medium. Latencyis the time betweenthe transmissionof databy
oneprocessorandtheir receptionby another. Two classesof neuralsimulationscanoften
exhibit low overhead:

1. Parameter search. Globaloptimizationalgorithmsfor �tting aparameterizedmodel
to datarequirethatmany parameterizationsbeevaluated.In neuralmodelsevaluation
of a particularparameterizationis oftenbestachieved by runningthemodel. There
aremany optimizationalgorithmsthatcanbeparallelizedsothatmany parameteriza-
tionsareevaluatedsimultaneously, includingparallelgeneticalgorithms(Collinsand
Jefferson1991)andparallelsimulatedannealing(Azencott1992).Eachparameteri-
zationof themodelcanberunonaseparateprocessor. Thecommunicationcostsare
small: theparametersmustbe transferredon startup,andthe �tness valuereturned
at the end of the evaluationrun of the model. Synchronizationcostscan be very
low becausemodelsarerun independently. Theamountof synchronizationrequired
dependson theparticularsearchstrategy, asdiscussedfurtherin Sec.21.7.

2. Network models. Network modelsoften exhibit two characteristicsthat closely
matchtheunderlyinghardwareof parallelplatforms,if we assumea partitionof the
modelthatkeepsthecompartmentsof eachneuronon a singleprocessorsothat the
communicationis exclusively in the form of spikes. First, spike ratesarelow com-
paredwith the time stepfor integrationwithin the cell, thuscommunicationband-
width is low as few spikes needto be communicatedon eachtime step. Second,
axonaldelaysare typically one or two ordersof magnitudegreaterthan the time
step,so that cells neednot be simulatedin lock step. Simulationtime on different
processorscandiffer aslong asevery spike is deliveredto its destinationwithin the
axonaldelayperiod.Thesecharacteristicsmatchthosein parallelplatforms,in which
bandwidthis oftenlimited andlatency is oftenhigh.



21.2.Classesof ParallelPlatforms 351

In contrast,distributing asimulationof anelectrotonicallyconnectedmodelovermany
processorswill incurmuchlargeroverhead.Thisis becauseateachtimesteptheprocessors
mustexchangedatavaluesand,implicitly, synchronize.Thereis extensivecommunication,
andprocessorsmustwait for all to �nish a time stepbeforethey canproceedto the next
step.In thischapterwill introducetheuseof PGENESISfor thetwo classesof modelsenu-
meratedabove: parametersearchandnetwork models.We alsodiscusshybrid simulations
in whichparametersearchis performedon anetwork modelthatitself runsin parallel.

21.2 Classes of Parallel Platf orms

Thethreemajorclassesof parallelplatformsare(1) networksof workstations(NOWs),(2)
symmetricmultiprocessors(SMPs)and(3) non-uniformsharedmemorymassively paral-
lel processors(NUMA MPPs).In additiontherearehybrid versionsof NOW andMPPin
which eachnodeof themachineis itself anSMP. Thetwo mostimportantef�ciency ques-
tions whendecidingwhich platform to concentrateon are: how well its communication
characteristicsmatchthoseneededby thesimulationtask;andhow thearchitecturescales
up to thenumberof nodesthatthemodelcanuse.

As statedbefore,the importantcommunicationcharacteristicsarebandwidthand la-
tency, and of theselatency is usuallymorecritical for neuralmodels. Low latency and
highbandwidthis thegoal.To simplify vastly, NOWstypically haverelatively high latency
andlow bandwidth.Thusthey aresuitablefor coarse-grainedparalleltaskssuchasa pa-
rametersearchtaskwhereevaluationof a singleindividual takesanappreciableamountof
time. They mayalsobesuitablefor network modelswith very long lookaheadthatmaynot
beadverselyaffectedby high latency. Otherfactorsto considerwith a NOW platformare
whetheronehasexclusiveaccessto theprocessorsandhow muchdisktraf�c thesimulation
generates.Withoutexclusive access,it is veryhardto partitionanetwork modelef�ciently.
NOW platformsaretypically not setup well for massive transfersto andfrom shareddisk
for many processors.

SMPplatforms(e.g.,Origin,Convex, Ultrasparc)havevery low latency andhighband-
width for small to mediumnumbersof processors(e.g.,up to 16),but thesecharacteristics
do not scalewell to a high degreeof parallelismbecausetheunderlyinghardwarecommu-
nicationmedium— asharedbus— doesnotscale.Neverthelessthey canbeveryeffective
for developmentof small to mediumscalePGENESISmodelsandareofteneasierto use
thanMPPsor NOWs.

NUMA MPP machines(e.g.,Cray T3E) are the ideal platform for the largest,most
highly parallel PGENESIStasks. The latency and bandwidthcharacteristicsare vastly
betterthanNOW andapproachSMP, andthe architecturecanscaleinto the hundredsof
processorson parametersearchtasks,andinto the tensof processorsfor well-distributed
network models.Thesemachinesareat thehigh endof high performancecomputingand
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soaredesignedto balanceprocessorspeedwith memorylatency andbandwidthanddisk
latency andbandwidth. The largestnetwork modelswill almostcertainly requirethem.
However, theNOW or SMPplatformsmaybemorecost-effective for large-scaleparameter
searchtasks.

21.3 Parallel Script Development

Scriptdevelopmentfor PGENESISis anexercisein parallelprogrammingwheremany pro-
cessesarerunningsimultaneously. Eachprocess(calleda node) is runningoneinstanceof
asingleparallelscript.For modelersfamiliarwith serialprogramming,includingall GEN-
ESISusers,the transitionto parallel programmingrequiressomeconceptualleaps. For
example,onecanno longerassumethatbecausestatementB in a scriptcomesafterstate-
mentA thatB will beexecutedafterA. Theorderdependson which nodesthestatements
areexecutedby, andwhatsynchronizationevents(e.g.,barriers)occurbetweenthem.

Wehave foundthatPGENESISsimulationsarebestdevelopedin thefollowing order.

1. For all models,developanddebug thesinglecell prototypesusingserialGENESIS.

2. (a) For network models,decidehow thenetwork shouldbepartitioned,i.e.,which
GENESISelementsshouldgo on which nodes. It is best to implementthe
scriptsin ascalablefashionsothatthenumberof nodescanbevariedby chang-
ing a run-timeparameter.

(b) For parametersearchtasks,develop thescriptsto run andevaluatea singlein-
dividual,andthescriptsthatcontrol theoptimization.Theoptimizationscripts
shouldbeparameterizedsothatthey will runwith any numberof nodes.

3. First try out your scriptson a single processor— a desktopworkstationis often
mostconvenientfor this stage.Make surethat your scriptsrun correctlyusingthe
minimumnumberof nodes(a singlenode,if possible).Also, besurethescriptswill
run in thebackground,withoutXODUSor any interactive input.

4. Continueto usethe singleprocessorplatform,but increasethenumberof nodesin
the simulation. This will show up errorsrelatedto the partitioningof the problem
acrossmorethanonenode.

5. Runthescriptson amultiprocessorplatformwith a smallnumberof processors.For
example,a small symmetricmultiprocessoror a small numberof networked work-
stations.Thiswill show up errorsdueto assumptionsaboutexecutionorder.

6. Runthefull scalesimulationsonthelargestmachineyouneedandhaveaccessto. By
this time your scriptsshouldbe well-debugged. Typically debuggingis dif�cult on
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thelargestplatforms,soit is prudentto doasmuchdebuggingaspossibleonsmaller
machines.

21.4 Script Langua ge Programming Model

A PGENESISsimulationconsistsof a setof independentprocesses(nodes) thatcancom-
municatevia script languagecommandsandcancooperatein a simulationvia GENESIS
messagesbetweenelementsresidingondifferentnodes.SerialGENESISformsthecoreof
eachof theseprocesses.As in serialGENESIS,executionof a simulationincludingsetup
andstepping,is controlledby scripts.Useof XODUS is discussedin Sec.21.8. However,
scriptprogrammingfor PGENESISintroducesadditionalcomplexities. It is critical thata
userof PGENESISreview andunderstandtheseissuesbeforeattemptingto run PGENE-
SIS.

21.4.1 Parallel Vir tual Machine

PGENESISis built on top of theParallelVirtual Machine(PVM) softwaresystem(Geist,
Beguelin,Dongarra,Jiang,ManchekandSunderam1994),whichprovidestheillusion of a
parallelplatform.ThePVM systemmayrunonasingleCPUor multipleCPUs,possiblyof
differenttypes.In therestof thischapter, whenwereferto the“parallelplatform” wemean
theillusion providedby PVM. Whenwereferto the“parallelmachine,” wemeanthephys-
ical setof CPUsandthenetwork connectingthemonwhichPVM is running.An executing
PVM programconsistsof userprocesses,typically oneperCPU,which communicatevia
the PVM daemonthat runson eachparticipatingCPU. In PGENESIS,eachuserprocess
is an independentGENESISsimulation,which we call a nodeof the parallelsimulation.
Nodesare uniquely identi�ed by a nodenumber(consecutive integersstartingat zero).
Thesenodesmaybegroupedinto zones— nodeswithin a zonehave their simulationtime
keptmoreor lesssynchronized,whereassimulationsin differentzonesmayrun relatively
independently. Thus,a parametersearchalgorithmwould typically run many simulations
independentlywith eachnodein a separatezone,whereasa large network modelwould
typically runwith all nodesin asinglezone.

21.4.2 Namespace

PGENESIScurrentlyprovidesa private-namespaceprogrammingmodel. This meansthat
eachnodehasno knowledgeof theelementsthat resideon othernodes.This implies that
every referenceto anelementon anothernodemustspecifythenodeexplicitly. It is envi-
sionedthata shared-namespaceprogrammingmodelwill beimplementedeventually. This
will allow nodeswithin a zoneto referenceelementson othernodesin the zonewithout
specifyingthenodenumber. To easeupgradeof parallelmodelsto theshared-namespace
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paradigm,it is recommendedthat elementnameswithin a zonebe unique. If this rec-
ommendationis not adheredto, therewill be namingcon�icts if a modelwishesto take
advantageof theshared-namespacecapabilitywhenit becomesavailable.

21.4.3 Execution (Threads and Sync hronization)

Themainthread(i.e., �o w of control)oneachnodeis thatwhichreadscommandsfrom the
script�le (or keyboard,if thesessionis interactive). PGENESISprovideslimited capabili-
tiesfor this threadto createnew threadsonany node.Oneachnode,thethreadsarepushed
ontoa stackwith themainthreadat thebottomof thestack.Only thetopmostthreadmay
execute,andwhenit completesit is poppedoff thestacksothat thenext threaddown can
continue.Threadsreadyto executearenot guaranteedto execute:if thetopmostthreadis
blockedor looping,no readythreadloweron thestackcancontinue.

An executingthreadis guaranteedto run to completion(assumingit doesnot contain
anin�nite loop or block on I/O) aslong asit executesonly local operations,i.e.,no opera-
tions thatexplicitly or implicitly involve communicationwith othernodes.Thecommand
descriptionsbelow includespeci�cationof localor non-localstatus.In addition,simulation
stepsandresetareby de�nition non-localoperationsif thereis morethanonenodein the
zone.Usersarestronglyencouragedto useonly localoperationsin child threadswhenever
possible.Usersneedto beverycarefulaboutthreadcreationto ensurethatdeadlock (when
no threadcancontinue)doesnotoccur.

PGENESISprovidesfacilities for blocking andnon-blockingthreadcreation,usually
usedto executecommandson nodesdifferent from the oneon which the script is being
executed.(“remote”nodes).Whena thread(includingthemainscript) initiatesa blocking
remotethread(alsoknown asa remotefunctioncall), it waits until the threadcompletes
beforecontinuing.Whena threadinitiatesanon-blockingremotethread(anasynchronous
thread),it continuesimmediatelywithout waiting for terminationof the thread. While a
threadis waiting, thenodecanaccepta requestfor threadcreationarriving from any node
(including itself). This new threadis pushedon the threadstackandexecuted,so that the
originalwaiting threaddoesnotcontinueuntil thenew threadhascompleted.

Scriptsrunningondifferentnodescansynchronizevia severaldifferentsynchronization
primitives.Thesimplest,abarrier, causeseverynodeto wait at thebarrier statementuntil
all othernodeshave reachedthatpoint in thescript. Therearetwo typesof barriers,one
that involvesall nodesin a zone,theotherinvolving all nodesin theparallelplatform. By
default thereis animplicit zone-widebarrierbeforeasimulationstepis executed,although
thiscanbedisabled.

Whenascriptrequeststhatacommandberunasynchronouslyonanothernode,it initi-
atesachild threadof controlon theothernode.Thechild threadrunsasynchronouslywith
its parent.Theparentcanrequestnoti�cation or thechild's resultwhenthechild completes,
andcanwait on that noti�cation or result(a “future”), andthis is the only way to ensure
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asynchronouschild threadshave completed. Threadsdo not block for child completion
beforeeachsimulationstep,norat abarrier. It is easyto reachdeadlockif thecreationand
executionof threadsarehandledcarelessly.

If anodeinitiatesseveralchild threadsonaparticularremotenode,theseareguaranteed
to commence(but notnecessarilycomplete)executionin theorderin whichthey wereiniti-
ated.A threadis guaranteedto executeeventuallyaslongasnoprecedingthread(1) enters
a loop thatonly executeslocal operations,or (2) blocksinde�nitely becauseof deadlock.
Onceexecutionof a threadbegins, it runsto completionwithout interruptionaslong asit
only executeslocal operations.

21.4.4 Simulation and Scheduling

PGENESISprovidesthe ability to setup a GENESISmessagebetweentwo elementson
different nodes(a remotemessage),provided the nodesare in the samezone. Dataare
physicallytransferredfrom onenodeto thenext at thebeginningof asimulationstep.This
meansthatthereis no transferof databetweenelementson differentnodeswithin a single
time step,which hasrami�cations for the schedule. (The GENESISReferenceManual
containsa descriptionof simulationschedules.)PGENESISguaranteesthatexecutionon
a parallelplatformwill beidenticalto thaton a singleprocessorif andonly if thereareno
remotemessagesfor whichthesourceobjectprecedesthedestinationobjectin theschedule.
(Weassumethateverynodein azonehasthesameschedule.)

21.4.5 Node-Speci�c Script Processing

Eachnodeexecutesa singlemainscript commonto all nodes.However, it is commonto
neednode-speci�cscript processing.A nodeis assigneda uniqueidenti�cation which is
availableto thescript it is processingvia themynodeandmyzonecommands.If execution
of scriptstatementsis conditionalonthenodeID, thendifferentnodescanexecutedifferent
scripts.For example,if themainscript(henceforth,main.g) executedby all nodescontains
thisscriptfragment.
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theneachnode0 will executeearly-statements, followed by statementsin scriptnode0.g,
followed by later-statements. All othernodeswill executeearly-statements, followed by
statementsin scriptnodex.g, followedby later-statements.

21.4.6 Async hronous Simulation

ThePGENESISnodesusuallyoperateasynchronously, soinstantaneouspositionin ascript
variesbetweennodes.In theprecedingscript fragment,onenodestill couldbeexecuting
early-statementswhile anotheris alreadyexecutinglater-statements. This means,for ex-
ample,thatonenodemayhave completedelementcreationandbeaddingmessageswhile
anothernodeis still creatingelements.If the�rst nodetriesto sendamessageto anelement
on thesecondnode,it may�nd thatthetargetelementhasnot beencreated.Modelerscan
control this behavior throughthe judicioususeof barriers.A barrier is a scriptstatement
that mustbe executedby all nodesbeforeany nodecancontinuepastthe barrier state-
ment. For example,the following mainscript fragmentwill guardagainsttheproblemof
attemptingto senda messageto anelementnot yet created:
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In this main script fragment,eachnodecreatesthe requiredelements,then waits at the
barrier statement.Only whenall nodeshavereachedthebarrier, andthereforecreatedtheir
elements,canany nodecontinueon to createmessages.

Somescriptcommandsresultin implicit synchronizationevents.For example,by de-
fault, thenodessynchronizebeforeexecutinga simulationstep. The resetcommandalso
causesthenodesto synchronize.

21.4.7 Zones and Node Identi�er s

Nodescanbegroupedin zoneswhenthesimulationis started.Eachnodeis in exactly one
zone(by default, every nodeis in its own zone). The zonesform a �x ed partition of the
parallelplatform. Themotivationfor usingzonesis to allow differentpartsof thesimula-
tion to run asynchronously(uncoordinated)evenduringsimulationsteps.For example,in
aparametersearchapplication,onemightwish to runmany instancesof a four-nodemodel
in parallel. Eachinstanceusesfour nodesthat mustrun synchronously, but the instances
neednot be coordinated(exceptat startand�nish). Thus,we canrun eachinstancein a
separatezone,eachzonecontainingfour nodes.Zonesareuniquelyidenti�ed by consecu-
tive integersstartingat zero. Thenodeswithin a zoneareuniquelyidenti�ed with a node
number(consecutive integersstartingatzero).
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Nodeidenti�ers areof theform “ �

��� ” where� is thenumberof thenodewithin zone
� . Nodeidenti�ers areusedin commandsthatexpectanelementpathwhich maybeon a
remotenode(e.g.,raddmsgin Sec.21.4.10)andin remotefunctioncalls(seeSec.21.4.8).
Thezonespeci�cation“ ��� ” canbeomitted,in which casethezoneof thenodeexecuting
thescript is assumed.In network modelsthereis oftenonly a singlezone,sothatthezone
speci�cationcanbeomittedeverywhere.In optimizationtasksthereis typically only one
nodein eachzone,sothatnodesarereferredto with “  (� � ”.

A scriptaccessesthenodenumberandzonenumberof thenodeon which it is running
with themynodeandmyzonecommands.For example:
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will print thenodeandzonenumberson which thescriptis running.

21.4.8 Remote Function Call

A scriptrunningon a nodecanexecutea functionor commandon anothernodesimply by
appending“ �

��� ” to the command,whereID is the identi�cation string for the node. We
referto thenodeonwhich thescriptis runningastheissuingnode,andtheremotenodeon
which the functionor commandis executedastheexecutingnodefor theremotefunction
call. For example,if node3 in zone1 executestheremotefunctioncall:
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thentheissuingnodeis node3 in zone1, andtheexecutingnodeis node0 in thesamezone
as the issuer(i.e., zone1). This commandwill cause“ ��#��������������
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” to beexecutedon node0 of zone1. Noticethat theevaluationof thecommands
mynodeandmyzoneis performedon the issuingnode,not theexecutingnode. Argument
evaluationsarealwaysperformedon theissuingnode.

Two specialkeywordscanbeusedwith the � operator:all meansall nodesor all zones,
dependingon context; others meansall othernodesor zones,dependingon context. Here
aresomeexamplesof how they canbeused:
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In addition,nodeidenti�ers can be composedinto a list separatedby commas. For
example
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This is usedin thenetwork modelin Sec.21.6.
The remotefunctioncall examplesshown in this subsectionaresynchronous. The is-

suingnodesuspendsexecutionof thescriptcontainingthe remotefunctioncall statement
until the executingnodehascompletedthe function call andreturnedthe result. This is
shown schematicallyin Fig. 21.1. In this �gure we alsoshow the executionof the script
on node1 asa solid line. Conceptually, therearejust two threadsof controlactive at any
time. During the executionof the remotefunction call on node1, both threadsresideon
node1. In PGENESISthereis exactly onethreadof controlpernode,aslong astheasync
commandis not executed,but by usingremotefunction calls, somenodesmay have no
threadsresident,andothernodesmayhave morethanoneresidentthread.

PGENESISusersshouldbeawarethat thethreadsof controlarenot full, independent
threads,able to suspendandresumearbitrarily. They are implementedin a stack-based
systemso thatonly the threadat thetop of thestackcanexecute.Whenit completesit is
poppedoff thestackandtheprecedingthreadresumes.(It mayimmediatelysuspendagain,
but it is giventhechanceto resume.)

echo@1 hello
node 0

node 1
echo hello

Figure21.1 SynchronousRemoteFunctionCall. Node0 issuesthecommandª���

�����

���	�

�

º to node1, and
suspends.Whennode1 hasexecutedthecommandandreturnedtheresultto node0, node0 continues.

21.4.9 Async hronous Remote Function Call

It is alsopossiblefor anodeto issuearemotefunctioncall asynchronouslyusingtheasync
command.We recommendthatonly experiencedusersof PGENESISusethis command.
A simpleexampleis:

���
���$#'��#����
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�
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In this case,the issuingnodesendsoff the requestfor the commandto be doneto the
executingnode(1 in this example)andcontinuesprocessingits scriptwithout waiting for
theexecutingnodeto complete(or evenstart)thecommand.Thisis shown schematicallyin
Fig. 21.2.Noticethataftertheremotefunctioncall hasbeenissuedby node0, anduntil the
resultis received,therearethreeseparatethreadsof execution:theparenton node0 which
continues;thechild onnode1 whichexecutesconcurrentlywith theparent;andtheoriginal
threadon node1. Every useof the asynccommandintroducesone or more additional
threadsof controlbeyondtheinitial singlethreadpernodewith whichPGENESISstarts.
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async echo@1  hello
node 0

node 1
echo hello

Figure 21.2 AsynchronousRemoteFunctionCall. Node0 issuesthecommandª���
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���	�

�

º to node1,
andcontinuesexecuting.Whennode1 hasexecutedthecommandit returnstheresultto node0, which does
notuseit.

f={async echo@1  hell o}
node 0

node 1

waiton f

echo hello

Figure 21.3 Completingan AsynchronousOperation.ª���
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��� �

�

º to node1, andcontinuesexecuting.
Whennode1 hasexecutedthecommandit returnstheresultto node0, which doesnotuseit.

Every asynchronousoperationissuedfrom a nodereturnsa resultto the issuingnode
uponcompletion.A scriptcanissueanasynchronouscommand,do somefurtherprocess-
ing, andthenwait for thecommandto complete:
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Theexecutiondiagramfor thisscriptfragmentis shown in Fig. 21.3.
The future variableis a handlereturnedby the asynccommandthat is passedto the

waiton command. The script thensuspendsuntil the asynchronousoperationcompletes
(thefutureis satis�ed).This“join” operationresultsin areductionin thenumberof threads
of control. The numberof threadsthat terminateis exactly the sameas the numberof
threadsthatwerecreatedby issuingtheasynchronousoperation.

A specialform of the waiton commandallows a nodeto wait for all its outstanding
asynchronousoperationsto complete:
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�&� �����

This form of thewaitoncommandreducesthenumberof threadsof controlthatoriginated
on the currentnodeto exactly one. If every nodeexecutesthis commandfollowed by a
barrier, thentherewill beexactlyonethreadof controlpernodewhenthebarrieris satis�ed.
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21.4.10 Message Creation

For connectingelementsthatresideon thesamenode,theusualGENESIScommands(ad-
dmsgandvolumeconnect) areavailable.However, PGENESISalsosupportsthecreationof
messagesbetweenelementsthatresideon differentnodes.raddmsgallows oneto createa
messagebetweenanelementon thenodewheretheraddmsgis executed(the“local” node)
andanelementon anothernode(the“remote” node).For example,to createa PLOT mes-
sagefrom /cell/somaon node1 to a graphon node0, thefollowing shouldbeexecutedon
node1.
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Onecanalsocreatethis messagefrom node0 by usingtheremoteprocedurecall mecha-
nism:
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Thereis alsoanrvolumeconnectcommand(analogousto volumeconnect) thatis illustrated
in the network examplein this chapter(Sec.21.6). It is currentlynot possibleto delete
remotemessages.

21.5 Running PGENESIS

To runPGENESIS,youshould�rst makesurethatit hasbeeninstalled,following thedirec-
tionsin thedistribution. If PGENESISwasnot includedwith your GENESISdistribution,
you mayobtainit from thePGENESISwebsite(GoddardandHood1996),alongwith the
latestversionof thedocumentation.

Westartwith oneof thesimplestPGENESISscripts— aparallelversionof theclassic
“hello, world” program.We'll examinethis script line by line, addingsomeline numbers
thataren't presentin theactualscript:
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��� 	���������� �!	

�

�������������

� ��#����
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 ����������
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���
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��%

�

�

1. �

���
��� 	���������� �!	

�

������������� tells PGENESISto initialize the parallelcapability
running3 nodesin total, in thesynchronizedform (i.e.,all in a singlezone).PGEN-
ESISwill startup two morenodesexecutingthesamescript.

2. ��#����

�

 ����������

�

�
�
�!��������� ������������� tells thenodeto issueanechocommandto
node0 whichprintstheissuingnodenumber.
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3.
�

�����

�

��� causesall nodesto wait until the barrier is reached.The purposeof this
barrieris to make node0, which in this script is reportingwhich nodesarerunning,
wait until all thenodeshave hadtheirechocommandprinted.

4. �

���
�

���

causeseachnodeto �ush its standardoutputandstandarderrorbuffers (so
thatoutputis written out) andthenentera barrier. Thus,by thetime this command
completes,all nodeswill have �ushed theirbuffers.

5. ��%

�

� exits to theUNIX prompt.

In summary, theeffect of this script is thatoutputsimilar to the following will appear
on node0.

���������

�

�
�
� �������  

���������

�

�
�
� ������� �

���������

�

�
�
� �������

�

Becauseof theparallelnatureof thecode,theparticularorderof thesemessagesis not
deterministic,andsoyou maysometimes�nd, for example,thatnode1's messageappears
�rst.

21.5.1 The pgenesis Star tup Script

PGENESISis usually run by executingthe pgenesisscript. This script performssome
checksontheexecutionenvironment,startsthePVM daemonontheappropriatemachines,
andrunstheappropriateinitial executablefor PGENESIS.To try thisout, locatethepgene-
sisscriptandputit onyourPATH. Henceforthweassumethattyping“ �

)��������

�

� ” resultsin
this scriptbeingrun. Putthe“hello, world” script listedabove into a �le, say, “ ���������(� ) ”.
Now youshouldbeableto executethe“hello, world” scriptwith:

�

)��������

�

� ���������(�*)

Thefull setof �ags for thisscriptis describedwith thePGENESIShypertext documen-
tation(GoddardandHood1996),which is alsoincludedin thePGENESISdistribution. In
additionto theusual�ags availablefor GENESIS,someof thoseinterpretedby PGENESIS
include:

-con�g �lename The speci�ed �le shouldcontaina list of hoststo useto run the scripts
(e.g.,“ ��+

�

 !��+

�

�

��+

�

� ”). Namesshouldbeseparatedby blanksor newlines.

-debug mode Runtheworkersin theirown separatewindows to allow debuggingateither
theGENESISscript level or at theC codesourcelevel. Not all modesaresupported
on all platforms. If you specifyan unsupportedmodethe pgenesisshell script will
selectanalternative. Valid modesare:
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1. tty — run theworkersin individual windows but notunderany C debugger.

2. dbx — run theworkersin individual windows underthecontrolof dbx.

3. gdb — runtheworkersin individualwindowsunderthecontrolof gdbrunning
insideemacs.

-nox Runa versionof thePGENESISexecutablethatdoesnot have theXODUS libraries
loaded— this is smaller, startsup faster, anddoesnot requireyou to be runningX
windows. Notethis only appliesto the�rst node.Subsequentnodesarestartedwith
theparon commandin thescript,whichcanspecifyanexecutable.

-v Runin verbosemode.

-help Print text describingall the�ags.

21.5.2 Debug Modes

Thetty debug modesupportedby thepgenesisscriptcanbeusefulfor debuggingparallel
scripts. The other two debug modes,which run PGENESISnodesunderthe dbx or gdb
debuggers,aremostusefulfor advanceduserswho have interfacedtheir own C codewith
GENESIS.

To illustrate the useof the tty mode,and someof the functionality provided by the
PGENESISextensionsto thescriptlanguage,wewill show youhow to dosomeinteractive
programmingof PGENESIS.This is not theway to developparallelscripts,but it will give
someinsightinto PGENESIS,andit canbeusefulin debuggingparallelscripts.

First createascriptdebug.g containingthissinglecommand,which tellsPGENESISto
run with 3 nodesandwith the �

�

������� level at 0, i.e., sothatall theusualbanneranderror
messagesareprinted:

�

���
��� 	&��������� � 	��

�

���&�
�! !	

�

���
���������

Now runPGENESISwith:

�

)��������

�

�'	����

�

%�) ����� ���

�

%
),�*)

This shouldstartup a nodethatspawnstwo new nodes,sothattherearethreePGENESIS
nodesrunning.Eachof thespawnednodesappearsin its own window, andafterstartupall
nodesshow aprompt.

Executea remotefunctioncall from any of thenodes:

��#����

�

����� ���������

�

�
�
� �
������������
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Thiscausesa “hello” messageto appearin eachnodewindow.
Now try abarrier. Type“

�

�����

�

��� ” to thepromptin eachof thenodewindows. Notice
thatthepromptdoesnotreappearin any window until thebarrier commandhasbeenissued
on eachnode.

Now exit. Type“ ��%

�

�

�

����� ” to any of theprompts.Thespawnednodewindows will
disappearand,aftercleaningup,theoriginalnodewill exit to theUNIX prompt.

21.6 Network Model Example

[If you arenot interestedin distributing a network modelover multiple nodes,this section
maybeskipped.]

This sectionillustrateshow theOrient tut examplein Chapter18 canbe parallelized.
Recallthat that network hasan arrayof retinal cells whoseaxonsmake contactwith two
populationsof V1 cells. In parallelizinga network model, the most critical decisionis
how to decomposethenetwork, i.e.,how to distributethecellsamongstPGENESISnodes.
Thegoal is to minimizethenumberof synapsescrossingnodeboundarieswhile maximiz-
ing the axonaldelayof thosesynapsesthat do crossnodeboundaries.In Orient tut, the
connectivity is feedforward from theretinato V1 with somespatialdivergence.A simple
but effective decompositionis to divide thex-dimensionof the retinaandV1 populations
amongstprocessors,asshown in Fig. 21.4.

In explaining this example,we do not provide the full scripts. Theseresidein the
Scriptsdirectoryof thePGENESISdistribution. Instead,we show the importantfeatures
of theparallelization,particularlyhow thesimulationis setup andcontrolledandwhat is
modi�ed from the serialversiondescribedin Chapter18. Nor do we discussthe issues
involvedin generatinganXODUSdisplay, whicharecoveredlaterin Sec.21.8.

21.6.1 Setup

In settingupthesimulation,wewill useonenodeto controlthesimulation,andtheremain-
ing nodesto run the slicesof the model. Thus,n sliceswill requiren � 1 nodes. These
will run in asinglezone(i.e.,steppingis synchronized),with node0 controlling,andnodes
1 ��������� n (theworkers)runningtheslices.Themainglobalvariablesusedare:
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Figure21.4 Slicedecompositionof theretinalandV1 cellsontoa setof 5 nodes.
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Thesetuppartof thecontrollingscript,executedby all nodes,is:
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Again, this listing hasaddedline numbersthatarenot presentin theactualscript.This
scriptcreatesa stringcontainingthelist of worker nodes(lines1–2),theninitializesPGE-
NESIS(line 3) with n nodesnodes.Line 4 setsthe timeoutto a very large valueso that
worker nodes,which wait at a barrier(line 23) will not timeout. Lines 5–6 setBooleans
indicatingthe function of the node. Recall that every nodeexecutesthis script andmyn-
odereturnsthenumberof thenode.Line 7 initializestherandomnumbergeneratorwith a
differentvaluefor eachnode,to avoid identicalrandomnumbersequenceson thedifferent
nodes.If thenodeis thecontrolnode,setupcontrol is calledto initialize thecontrolprocess
(line 8). If it is aworkernode,theslicecellsarecreated(line 9). Thepurposeof thebarrier
in line 10 is to ensurethatall thecellshave beencreatedbeforeany nodeattemptsto make
connections(line 11). Althoughthecontrolnodemakesno cells,it mustparticipatein the
barrierbecausea barrieralwaysincludesall nodesin a zone.After connectionshave been
made,all nodesreset(line 12). Theremainderof thisscriptfragment(lines13–24)appears
in thefollowing sectiononsimulationcontrol.

Thecodeto createthecellsin slicesis only marginally differentfrom thatfor theserial
version(in Orient tut/retina.g). For example,theretinalsliceis createdwith:
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Here, the globalsslice and n slicesare usedto determinehow many cells to create
andwhat their spatiallocationsare. As describedin Sec.18.6,the createmapcommands
performcalculationsthatcreatetheV1 populationson two-dimensionalgrids.

Theconnectionsfrom retinal to V1 cellsaremadewith calls to rvolumeconnect. This
commandis just like volumeconnectexceptthedestinationpathindicateson which nodes
to look for the destinationelements.Herewe specifyall the slice nodes. Although we
couldcomputeexactlywhichnodesshouldhavetheappropriatedestinationcells,it is easier
to just ask PGENESISto checkeverywhere. However, this doesresult in unnecessary
communicationbetweennodesduringsetup. In this exampleit is not a signi�cant factor,
but in morecomplex examples,especiallywith many nodes,it couldbemuchmoreef�cient
to dothiscomputationin thescript.Theconnectionsto theV1 horizontalcells,for example,
aremadethusly:

 �4�!��6���&���6!��������-�
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After the connectionshave beenestablished,we can modify the axonaldelaysand
synapticweightswith rvolumedelayandrvolumeweightwhichareanalogsof thevolumede-
lay andvolumeweightcommandsin GENESIS.For example:
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21.6.2 Simulation Contr ol

Lines13-24of themainscriptfragment,continuedfrom abovecontainthecrucialcodefor
controllingthesimulation:
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Workernodessimplysit atabarrier(line 22),ID number7 (chosensimplyfor uniqueness),
waiting for commandsfrom the control nodefor a maximumof 100,000seconds.If the
simulationis running interactively, the control nodeprints a message(line 19) and then
thescript terminates,returningto thePGENESISprompt. If thescript is runningin batch
mode,the control nodeexecutesa simulation(line 15), thensatis�esthebarrierat whcih
the workersarewaiting. This allows the workers to continueon andquit (line 23). The
controlnodesimilarly quits(line 17).

Thefunctionautosweepcalculatestheparametersfor sweepinga baracrosstheretina
andthenstepsthesimulationon all nodesfor theappropriatenumberof steps,settingthe
appropriateinput in theretinabeforeeachstep.
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init bar params(line 2) is a script function not shown herethat initializes the computa-
tion of thesweepingbar. Prior to eachsimulationstep(line 7), thecornersof thebarare
computedwith computebar corners (line 4), not describedfurther. This setsthe global
variablesx1, y1, x2, y2, which areusedin wildcard testsin the set�eld command(lines
5–6),which actuallysetstheinput in theretinalcells. Recallthatautosweepis only called
on thecontrol node(seeline 15 at the beginningof this subsection).It issuestheset�eld
commandfor eachnode,sothatall slicesof theretinaareproperlyinitialized for thestep.
Noticetheadded�ag “ 	����

�

��� ��� ”. This �ag is anadditionto theset�eld commandwhich
tells it thatit is notanerrorif noelementsmatchthewildcardspeci�cation.In theslicedup
simulation,somenodesmaynot containany retinalcells thatareinsidethespatialextent
of thebar. It is simplerto allow set�eld to acceptanemptywildcardlist of elementsthanto
compute,for eachstep,exactlywhichnodeshave relevantretinalcellsandwhichdon't.

21.6.3 Lookahead

In network models,axonaldelaysaretypically oneor two ordersof magnitudegreaterthan
thesimulationtime stepfor processeswithin a singlecell. A spike generatedat simulation
time T neednot be deliveredto a destinationcell until time T � L, whereL is theaxonal
delay. This allows simulationnodesto operatein a looselysynchronizedfashion,some
beingaheadof others,andit allows nodesto continueupdatingtheir cellswhile incoming
spikesarein transitover thephysicalmedium(e.g.,Ethernet)thatconnectstheCPUs.The
amountof simulationtimeby whichnodeA cangetaheadof nodeB andstill besureit has
notmissedany spikesis known asthelookaheadof A with respectto B.

In PGENESISlookaheadis controlledwith threecommands:setlookahead, getlooka-
headandshowlookahead. Thelookaheadof nodeA with respectto nodeB is theminimum
delayonall datapathsfrom B to A, i.e.,theminimumaxonaldelayoverall theconnections
from B to A. If thereareno axonalpathsfrom B to A, the lookaheadis in�nite because
A's activity doesnot dependon B's. If therearenon-spike messages,lookaheadis dt be-
causethosemessagesdeliver dataon thenext time step. In addition,PGENESISmustbe
instructedto executestepsasynchronouslywith thecommand:
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/postis the elementthat providesaccessto PGENESIScon�guration �elds. Thevariable
syncbefore stepis a BooleanindicatingwhetherPGENESISshouldsynchronizenodesin
azonebeforeasimulationstep.By default it hasvalue1, sothatnodessynchronize.To use
lookahead,synchronizationbeforesteppingmustbeturnedoff.

By default, the lookaheadis setto the time step,sinceevery PGENESISnodealways
deliversspikeson thenext timestep.To settheminimumlookaheadof anodewith respect
to all othernodesto 10 msec:

��������������� �������  (�* 

�

To settheminimumlookaheadof anodewith respectto, e.g.,node3 to 10 msec:

��������������� ������� �! (�  

�

To �nd thelookaheadof thisnodewith respectto, e.g.,node4:

)�������������� ������� 	

To view thelookaheadof thisnodewith respectto all othernodes:

�����

�

��������� �������

It is wiseto partitionamodelin suchawayasto maximizelookaheadbetweeneverypairof
nodes.Techniquesfor automatedpartitioningareunderinvestigation,but intelligentchoice
of partitionby themodelerwill remainacritical aspectof ef�cient simulationfor sometime
to come.

21.7 Parameter Search Examples

[If youarenot interestedin parametersearch,thissectionmaybeskipped.]
As mentionedin Sec.7.4.1,GENESIScontainsobjectsandcommandsfor performing

automatedparametersearches,in order to estimatea setof modelparametersthat gives
the best�t of the modelbehavior to the resultsof experiments.To demonstratethe use
of PGENESISfor parameterestimation,we have constructedan examplethatperformsa
simplegeneticsearch.Thesearchproblemin thisexampleisquitetrivial — wearetrying to
�nd valuesof parametersa andb thatminimizemin��� a � 1 � ��� b � 1 � ��� a � 1 � ��� b � 1 ��� . This
functionhastwo minima,oneat �	� 1 ��� 1� andoneat � 1 � 1� , sooursearchprocedureshould
�nd oneof these.A morerealisticparametersearchin theneurosciencedomainwouldhave
parametersthatrepresent,for example,channelconductancedensitiesin a cell model.The
evaluationof theparametersetwould beobtainedby �rst runninga neuralsimulationfor,
e.g.,100 milliseconds,andthencomparingthe simulationresults(e.g.,voltagesor spike
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times)with experimentaldata,andgeneratinga numericalvalueto representthegoodness
of thematch. However, we have substitutedherea simplefunctionevaluationso that we
canmorecleanlyillustrateamethodfor doingthis typeof searchusingPGENESIS.Wego
throughthe entirescript in this section,startingwith the high-level designandgradually
re�ning theimplementationin scriptcommands.

In performingthegeneticsearch,wekeepa�x ed-sizedpopulationof individuals“alive.”
We randomlypick an individual from this populationandmutateits representationwith a
certainprobability. We thenevaluatethenew individual and,if it is betterthansomeother,
we replacethe worst-evaluatedindividual in the populationwith this new individual. To
allow for parallelism,we evaluatemultiple new individualssimultaneously, andonly re-
move existing individuals in the populationasnew individualswith superiorevaluations
arefound.

In thisexample,werepresenteachparameter(outof atotalof 2 parametersperindivid-
ual) asa 16-bit string. The�oating point valuethatthis bit-stringrepresentsis determined
by linearlymappingthe16-bitintegerwith range[0,65535]into therange[ � 32� 768� 32� 767].
Whenconstructinganew individual from anold one,wemutateeachof thebitswith prob-
ability 0.02. We evaluateeachindividual by computinga trivial functionover theparame-
ters.In areal-world parametersearch,thisstepwouldbethemosttime-consuming,sinceit
would involve runninganeuralsimulation.ThemainPGENESISscriptfollows,with each
statementnumbered.

*98�'� �!��  �#�'� 6�  �
	�6�����	�",+ 6��!�?���
"�6���6��!�?	��
��" �!��	��8��	�"!�� !����+ ���)������	��'������<�	)�8�I�������
���



"���-/�!	��,0��!�?	� ����3���!���'	�(��!�?	�$��
(��'� �����?

�.��'� � &�(�� �'	���

#C�(# � ����3���!���'	�6��!�?	�$� ���", �

� 
���'� H��/

%"����?

(.��'� � &�(�� �'	��� (+*-,�,�,�,�,�,

,.8�'� �!�#�#

/%>��;�-�

This is thetop-level executionpathfor thenodes.Theparoncommand(line 1) startsup
thenodesin farmmode;i.e.,eachnodeis in itsownzone,with outputgoingto �le o.out, and
usingthe non-XODUSexecutablefor spawnednodessincethey do no graphicaldisplay.
Line 2 usesa remotefunction call to print a startupmessageon node0. Line 3 causes
all nodesto synchronizehere. barrierall is usedbecausethe nodesarein separatezones
— recall that the barrier commandsynchronizesthe nodesin a zone,whereasbarrierall
synchronizesall thenodesin every zone.Line 5 is only executedby theglobalzeronode
(mytotalnodegivestheglobalnodenumber, andmynodegivesthenodenumberwithin the
zone).Line 5 is acall to thefunctionsearch, describedbelow, whichconductstheparameter
search.Thenon-zeronodescontinueto line 7, which causesthemall to wait at thebarrier
(with ID 7 andtimeout1 million seconds).Thezeronodedoesnot reachthis barrieruntil
thecall to search in line 5 returns,i.e., until thesearchis complete.At thatpoint, thezero
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nodesatis�esthebarrierandall nodes�ush their buffersandsynchronize(line 8) thenexit
(line 9). In summary, thenon-zeronodessit at a barrierwhile thezeronodeconductsthe
search;thenall nodesexit.

Weuseanumberof globalvariablesin thescript:
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While thenon-zeronodesaresittingatabarrier, they canprocessincomingremotefunction
calls andotherrequestsfrom othernodes.The zeronodeconductsthe searchby issuing
remotefunctioncallsto thenon-zeronodesto evaluateindividualsandreturn�tnessvalues.
Thefunctionthatexecutesthissearchis:
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In this function,line 3 initializesdatastructuresusedin conductingthesearch(init search)
andmanagingthe farmingout of tasksto nodes(init farm). The loop in lines 4–8 farms
out theevaluationsto thenodes.Lines5 and6 selectparametervaluesfor theevaluation.
An initial populationis selectedrandomly(init individual), afterwhichnew individualsare
derivedfrom theexistingpopulationby mutation(mutateindividual). Line 7 sendsthetask
to the worker (delegate task) usingparametervaluesbs a andbs b. Line 9 ensuresthe
searchhascompleted(�nish) andthenprints thebestmatch(print best). Thesefunctions
aredescribedbelow.
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Thesetwo functionscreate(with createmap) andinitialize the datastructuresusedto
controlthesearch(/population) andthefarmingoutof tasksto nodes(/free). Eachindivid-
ual in the/populationvectorhas�elds for thevaluesof thetwo parametersandthe�tness
thoseparametersprovide. Theentriesin thefreevectorhave one�eld, thezonenumberof
anodethatdoesnotcurrentlyhavea taskassigned.Thefree index variableis anindex into
thisvectorof thelastentrythatcontainsa freenode.
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Thethreefunctionsabove generatea new individual. init individual generatesrandom
parametervalues.mutateindividual generatesa parametervaluesby mutatingthechosen
individual with mutate.
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Thesetwo functionscontrol theassignmentof tasksto nodesandthegatheringof re-
sults. delegate taskwaits until thereis a free node,then issuesan asynchronousremote
function call to the worker to evaluatethe currentparameterization(bs a, bs b). Line 3
testsfor a freenode.If thereis one,thetaskis assigned(line 4), thenodeis removedfrom
the free set (line 5), andthe function returns(line 6). If thereis no free worker, worker
responsesarecheckedfor (line 7) andtheloop iterates(line 2) until oneis found.

This functionprintsout thebestmatchfoundduringthesearch:
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Thereis oneotherfunctionwhichexecutesonthenodethatcontrolsthesearch(zone0).
Whenanodehascompletedanevaluation,it issuesaremotefunctioncall for thecontrolling
nodeto reporttheresult.It calls:
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return resultaddstheindividual (lines9–12)to thepopulationif eitherthereis room(line
4), or if the individual has�tness greaterthansomeindividual currentlyin thepopulation
(line 8). It prints the �tness (line 14) andputsthe nodein the /freevector(lines 15–16).
Notice in line 12 that if the populationis full, then the individuals with minimum and
maximum�tness arecomputedwith recompute�tness extremes, shown below.
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Sincethis functionis calledby return result, it alsoexecutesonnode0, whichcontrols
thesearch.Theevaluatingnodecodeis muchsimplerin this examplebecauseour evalu-
ation functionevaluateis trivial. In a realapplication,theevaluationwould becomputed
by runninga GENESISmodelandcomparingits outputwith experimentaldata.The two
functionsthatexecuteon theevaluatingnodein ourexampleare:
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worker is thefunctioncalledby thecontrollingnodeto executeanevaluation. It converts
thebit stringrepresentationof theparametersto �oating point values,computesthe�tness
with a call to evaluate, andreturnsthe resultto thecontrollingnode(0.0) usinga remote
function call. In our example,evaluatecomputesa matchvalue that hastwo minima at
(1 � 1) and( � 1 ��� 1), andreturnsa �tness valuethat is the inverseof thesquareroot of the
match.

21.8 I/O Issues

Parallel simulationscan often bene�t from visualizationswith XODUS during develop-
ment,andoften will requirelarge input and/oroutput �les in full scaleproductionruns.
Modelersshouldbeawarethattheway theseI/O issuesaredealtwith canhave a consider-
ableimpacton performance.

PGENESISincludesa capabilityto allow multiple nodesto displayon thesameXO-
DUS widgetso that, for example,a singlexview canbeusedto show activationof all the
cells in a distributedV1 layer. In serialGENESISthereareseveral waysto setup input
to an xview element,describedin Chapter18 andin the documentationfor xview in the
GENESISReferenceManual.However, theonewemustusefor internodecommunication
in PGENESISis to setup remotemessagesfrom a sourceelementto a destinationxview
element.This is doneby usingthePGENESISraddmsgcommand.

If every nodewereto setup COORDSandVALn messagesindependently, the VAL
messagescould easilyget associatedwith the wrong COORDSmessages,dependingon
the order in which the particularaddmessagerequestswerehandled. To dealwith this
dif�culty , thestandardGENESISxview objecthasbeenextendedin PGENESISto allow
IVALn messagesto beassociatedwith aparticularICOORDSmessage.Theuserdoesthis
by choosingan integral index with eachmessagethat is setup, andpassingit asthe �rst
parameterof the ICOORDSandIVALn messages.IVAL1 throughIVAL5 messageswill
beassociatedwith ICOORDSmessageshaving thesameindex. For anexampleof this,see
theexamplescriptScripts/pario/par view.g in thePGENESISdistribution.

PGENESISalsoincludesacapabilityfor writing asingledisk �le from multiplenodes.
For diskoutputin serialGENESIS,it is typical to createanasc �le elementandthensetup
a SAVE messagethatwill causea valueto bewritten to a �le on every time step.In PGE-
NESISit is possibleto addsuchmessagesfrom elementsonvariousnodes.However, there
is no guaranteeof orderfor the normalasc �le object,so in PGENESISthe par asc �le
objectis provided.WhenSAVE messagesaresetup,the�rst parameteris anintegral index
that is usedto maintaina �x ed orderingamongall of the variousincomingmessagesto
thepar asc �le element.This integral index shouldbeuniqueandin therangefrom 0 to
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thenumberof incomingmessagesminus1, inclusive. SerialGENESISusesthedisk out
objectfor writing arraydatato a �le in anef�cient binaryformat. We have similarly pro-
vided a correspondingpar disk out object that takesan addedintegral index parameter.
The Scripts/pario/par out.g �le in the PGENESISdistribution illustratesthe useof this
object.

Both of theseextensionsfor I/O supportrequirethat information�o w in the form of
PGENESISmessagesfrom thesourcenodeto thedestinationnode(whichholdsthexview,
par asc �le , or par disk out element).If you aredoing very large amountsof I/O from
many nodes,the destinationnodewould likely becomea simulationbottleneck.In those
situations,it would likely be advantageousto considera solution whereeachnodewas
doingits I/O to andfrom �les on thelocaldisk, ratherthanusingtheabove mechanisms.

21.9 Summar y of Script Langua ge Extensions

21.9.1 Star tup/Shutdo wn

To useany of the capabilitiesof the parallel library, one must �rst start up the library.
This will alsospawn the requestednumberof worker nodeson architecturesthat support
process-spawning.

paron Startsup theparallellibrary.
paroff Shutsdown theparallellibrary.

Thereareseveralcommandsfor obtainingcon�gurationinformation:

mynode Numberof thisnodein thiszone.
nnodes Numberof nodesin thiszone.
myzone Numberof thisnode's zone.
nzones Numberof zones.
ntotalnodes Numberof nodesin all zones.
mytotalnode Uniquenumberoverall zonesfor this node.
mypvmid Taskidenti�er usedby PVM for thisnode.
npvmcpu Numberof CPUsusedby PVM in theparallelmachine.

Theability to runparallelthreadscanbeturnedonor off (thedefault is on)with therelated
commands:

threadson Re-enablesparallelism.
threadsoff Disablesparallelism.
clearthreads Processall queuedrequestsfrom othernodes.
clearthread Processonequeuedrequestfrom anothernode.
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21.9.2 Adding Messages

It is possibleto createarbitrarymessagesbetweenelementson differentnodesusingthe
raddmsgcommand:

raddmsg Addsmessagebetweenthelistedsourceelementsand
thelisteddestinationelements(whichmaybedesignated
to beon othernodesby meansof the“@” notation).

Thefollowing routinedisplaysinternodemessagescorrectly(andsuppressesthedisplayof
thepostmastermessagesusedto implementtheinternodemessages).

rshowmsg Shows themessages(intranodeandinternode)associated
with agivenelement.

21.9.3 Synaptic Connections

Thereare several routinesthat allow one to setup multiple synapticconnectionsacross
nodes.They areanalogsof thenormalGENESISroutinesfor settingup synapses.

rvolumeconnect Connectsonegroupof elementsin avolumeto another,
usingsourceanddestinationelementlistsandmasks.

rvolumedelay Setsdelaysof agroupof synapsesreceiving input
from a list of presynapticelementsin avolume.

rvolumeweight Setsweightsof a groupof synapsesreceiving input
from a list of presynapticelementsin avolume.

21.9.4 Remote Command Execution and Sync hronization

command@nodelist Executescommandon speci�ednodessynchronously
(i.e.,doesnot returnuntil remotecommandshave
completedandreturnedresult).

asynccommand@nodelist Executescommandon speci�ednodesasynchronously
(i.e., returnsinteger“future” withoutwaiting
for result).

waiton Wait for completionof aspeci�edasynccommand.
barrier Wait for all nodesin my zoneto reachthispoint.
barrierall Wait for all nodesin all zonesto reachthispoint.

21.9.5 PGENESIS Objects

postmaster Onepostmaster(/post) is createdpernodeby the
paron commandto manageinternodesynchronization
andcommunication.

par asc �le Analogousto asc �le , exceptusesanorderingindex.
par disk out Analogousto disk out, exceptusesanorderingindex.
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21.9.6 Modi�ab le PGENESIS Parameter s

Severalparametersof PGENESIScanbemodi�ed by theuserby setting�eld valuesin the
/postelement.These�elds, andtheirmeanings,are:

1. syncbefore step. A Booleanindicatingwhethernodesin a zonesynchronizebefore
a simulationstep.Thedefault valueis 1 (true).Asynchronoussimulationis required
for thelookaheadoptimizationandmaybefasterevenwithout lookahead.

2. remoteinfo. A Booleanindicating if information aboutmessagesbetweennodes
shouldbe kept for displaywith rshowmsg. This is an overheadthat could be dis-
pensedwith for maturemodels.Thedefault valueis 1.

3. perfmon. A Booleanindicatingif performancestatisticsshouldbegathered.This is a
featureunderdevelopment,explainedin thePGENESISdocumentation.Thedefault
valueis 0.

4. msghang time. A �oating point value indicating how many secondsPGENESIS
shouldwait beforetiming out on remoteoperations.Thedefault valueis 120.0sec-
onds.If debugginginteractively, it is oftenusefulto setthis to a very largevalueso
thatonedoesnothave to worry aboutthetiming outof othernodes.

5. pvmhang time. A �oating point valueindicatinghow many secondsbeforetiming
out that PVM internal operationsshouldwait. When a PGENESISnodeis wait-
ing for somemessageit expects,it will print a messagefollowed by dots every
pvmhang timeseconds.Thedefault valueis 3.0seconds.

6. xupdateperiod. A �oating point valueindicatingthenumberof secondsbetweena
PGENESISnode's requeststhatX eventsbeprocessed,whenit is waiting for some
expectedmessage.High valuescancausepoorresponsefrom XODUSwidgets.Low
valuescanhave an adverseimpacton performance— but you shouldn't be using
XODUSif youwantperformance.Thedefault valueis 0.01seconds.

21.9.7 Unsuppor ted and Dangerous Operations

It is extremelyeasyto reachdeadlockin parallelprograms;oneway to reducethechances
of this is thefrequentuseof barriersandsparseuseof asynchronouscommands.However,
barrierscanbeexpensive to executeandcanreduceparallelism,so they shouldbeplaced
judiciouslyin scripts.

The serialGENESISstopcommandshouldbe usedonly with extremecarein zones
containingmorethanonenode.PGENESISexecutesanimplicit barrierbeforeperforming
a simulationstep. If any nodesenterthebarrier, thenall nodesmust,otherwisedeadlock
will result.It is verydif�cult to satisfythis requirementwhenthestopcommandis issued.
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Issuingstepcommandsmustbedonewith care.Sincethestepcommandexecutesan
implicit barrier, failure to observe the following rule canresultin deadlock.Thetwo safe
methodsto issuestepcommandsare:

1. stepcommandsare issuedexclusively locally (i.e., no useof the @ operatorwith
step).

2. remotesimulationstepcommands(e.g., ���
�

� �

����� ) areissuedby at mostonenode
in azone.

21.10 Exercises

1. Modify the“hello, world” programin Sec.21.5tohavenode0print “ ���������

�

�

������� ”
onbothnodes1 and2. Usethepgenesisscriptin the“ 	����

�

%
)������ ” modeto observe
that the output is correctlyproducedon the worker nodes.Now, changethe paron
statementto include“ 	���%
�

�

%��

�

��������� � � ��%�� ” sothattheiroutputis redirectedinto
a �le. Whendoing this, besureto invoke pgenesiswithout the“ 	����

�

%�) ����� ” �ag
or thatwill overridethe�le redirection.

2. Createa very simplenetwork modelon two nodesusingtheneuralmodelprovided
in Scripts/simple. Incorporatethis by include'ing theneuron.g�le in thatdirectory.
Write a script to createneuronA on node0 and neuronB on node1. Createa
synapsefrom A to B using the raddmsgcommand. Verify that the model works
by creatinga displayelementon both node0 andnode1 using the createdisplay
function. Manually �re neuronA on node0 andwatchthat theneuronB on node1
�res in succession.

3. Partition thenetwork modelexampleof Sec.21.6sothatall retinalnodesresideon
node1, andall V1 cellsonnode2. DisplaytheV1 horizontalandV1 verticalcellsin
two separatewindows,eachcontrolledby node2.

4. Constructa “centralpatterngenerator”by connecting� ve neuronsin a ring fashion
with eachneuronmakingan excitatory synapseonto its clockwiseneighbor. Place
eachneuronon its own nodeandsettheaxonaldelayto 5 msec. Investigatetheuse
of the lookaheadfeatureto speedup thesimulation.Optional: usetheperformance
monitoringcapabilitiesdescribedin thePGENESISdocumentation.

5. Using the neuronmodelandreal spike data�le suppliedwith the PGENESISdis-
tribution in Scripts/experiment, modify the parametersearchof Sec.21.7 to usea
realisticevaluationfunctionthatemploysaleast-squarederrormethodfor comparing
thesimulatedspikesto theactualdata.Useit to �nd thevaluesof theconductances
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for the fastNa currentandthe delayed-recti�erK currentthat bestmatchthe data.
Hint: createanevaluatorelementthatacceptsSPIKEmessagesandin theactionhan-
dler (setby addaction); comparethesimulatedspike timesagainstthespike timesof
theactualdata.
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