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Constructing Neural Circuits and
Networks

MICHAEL VANIER AND DAVID BEEMAN

18.1 Intr oduction

In thischapter, wedemonstratehow to useGENESISto setupasimplenetwork of biolog-
ically realisticneurons.Thiswill notbea“neuralnetwork” in theusualsenseof anetwork
of highly abstractunits with no direct connectionto biological neurons(suchasa back-
propagationnetwork). Rather, the approachwe take is to simulatea groupof biological
neuronsat a moderatelevel of detail andthenconnectthemin a network. In theprocess
wediscussanumberof GENESISfunctionsthatareusedfor thispurpose,aswell asa few
scriptcommandsthathave not beendescribedearlierin this book.Ourexamplesaretaken
from a tutorial simulationcalledOrient tut, which is a simpli�ed modelof orientationse-
lectivity originally written by UpinderS.Bhalla. This tutorial containsseveralscript �les,
of which abouthalf dealwith settingup theXODUS graphicaluserinterface. We do not
discussthesescriptsin this chapter;theGENESIScommandsusedto setup the interface
aredescribedin Chapter22, “AdvancedXODUS Techniques.” Theemphasisin this chap-
ter is on showing you how to useGENESIScommandswhoseprimarypurposerelatesto
simulationof networksof neurons.Commandsthathave beendiscussedin detail in other
chaptersarementionedonly brie�y here. Anotherexampleof a large network simulation
in GENESISis providedin Chapter9, on thepiriform cortex simulation.
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280 Chapter 18.ConstructingNeuralCircuitsandNetworks

18.2 The Orient tut Simulation

TheOrient tut simulationis a simpli�ed modelof orientationselectivity in thevisualsys-
tem. It is available in the Scripts/orienttut directoryin the GENESISdistribution. This
simulationconsistsof two groupsof cells,“retinal” cellsand“V1” corticalcells. Thereti-
nalcellsgeneratespikesrandomlyataratecontrolledby thesimulation.They in turnmake
synapticcontactswith two typesof V1 cells: horizontalbardetectorsandverticalbarde-
tectors.Thesimulationallows you to sweepa horizontalor verticalbarpatternacrossthe
“retina.” You will observe thatsweepinga horizontalbaracrosstheretinacausesthehori-
zontallyselective cells in V1 to becomeactivated,whereassweepinga verticalbaracross
theretinacausesthevertically selective cells in V1 to becomeactivated.As you will see,
this selectivity resultsfrom the speci�c patternsof connectivity betweenthe retinal cells
andthehorizontallyandvertically selective V1 cells. Thedegreeof orientationselectivity
is quiteweak:occasionallya verticalbarwill causeahorizontally-selective cell to become
activeandviceversa.Theexercisesat theendof thechapterdiscusswaysof improving the
orientationselectivity. Oneshouldbearin mindthatthis is notaveryrealisticsimulationof
themammalianvisualsystem;for instance,thereis no representationof the lateralgenic-
ulatenucleus(LGN) and thereareno feedbackconnectionswithin V1. The aim of this
simulationis not to provide a state-of-the-artmodelof orientationselectivity but to show
in a relatively simplesettingmostof the commandsthat areusedin settingup network
simulationsin GENESIS.

18.3 Running the Simulation

Thesimulationisstartedbychangingto theScripts/orienttut directoryandtyping“ ���������	���


��

���
��� ����� ”. A graphicaldisplaywill comeup like that in Fig. 18.1. Thecontrolpanel
is in the upperleft corner. This containsvariousbuttons,togglesand dialog boxes, all
of whosefunctionsare explainedin the README�le for the simulation. For the pur-
posesof this chapter, themostimportantbuttonsarethetwo buttonson thetop row, called

�������
� ���

�

� and ��������� ���

�

�
� . Clicking themouseon ��������� ���

�

� causesa verticalbar
of retinalcellsto becomeactive, slowly creepingfrom left to right, accompaniedby some
background�ring. Youcanlook at the�ring patternof theretinalcellsin thedisplayto the
right of thecontrolpanel,underthelabel �����	�������������

�

� . You will seesquaresthat�ick
from the backgroundcolor to red andbackagain;this happenswhenever a spike occurs
in the correspondingcell. Thereare100 suchcells in the display, andthey arearranged
accordingto their x-y coordinates.This part of the display is actuallycomposedof two
XODUS objectscalledxview andxdraw; seeChapter22 for details. We refer to sucha
displayhenceforthasadraw widget.

You can stop the simulation by clicking on the ������� button. If you click on the
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Figure 18.1 Theupperportionof theOrient tut simulationdisplay. Thewindow to theright of thecontrol
panelshows theretinalreceptorcell arrayandthetwo planararraysof horizontallyandverticallyselective V1
cells.

�������
� ���

�

��� button, a bar of active cells will creepfrom the bottomof the draw wid-
get to thetop. Theoutputsof thecellsaredisplayedin a differentdraw widget,underthe
label ��� � � � �
��� ���������

�

� . This widgethastwo groupsof 25 squares,representingthe25
horizontallyandvertically selective V1 cells (horizontalto the left, vertical to the right).
Youcanview thevalueof any of several �elds in this widget,but themostusefulone(and
thedefault) is themembranepotential(Vm) of theV1 cells.TheVm�eld of thecell's soma
compartmentis displayedasthecolorof thesquare,with bluebeinghyperpolarizedandred
beingdepolarized.Whena horizontalbar is sweptacrosstheretina,observe how a barof
horizontalV1 cellsbecomesactiveandtracksthemotionof thebaracrosstheretina.There
will alsobesomeactivity in theverticallyselectivecells,but considerablyless.Conversely,
whena vertical bar is sweptacrossthe retina,a bar of vertically selective cells becomes
active andtracksthe inputs,whereasthehorizontallyselective cellsaremuchlessactive.
This resultfollows from the differentconnectivity patternsof the horizontally-andverti-
cally selective cells.Thiscanbeviewedby clicking on thetogglemarked �������	��� �������
� .
This bringsup yet anotherdraw widgetwith threecell displaysshown in perspective; the
leftmostonerepresentstheretinalcells,theupperright onerepresentstheverticalcellsand
thelower right onerepresentsthehorizontalcells.Clicking themouseona retinalcell will
show you theprojectionpatternof thatcell in bothV1 �elds, whereasclicking onaV1 cell
will displaythereceptive �eld of thatcell in theretinal�eld. You shouldbeableto �gure
out whatconferstheorientationselectivity upontheV1 layersby lookingat theprojective
andreceptive �elds in this way.

For moredetailsonthegraphicalinterface,seeChapter22or theREADME�le accom-
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panying the simulation. Now, we will discusstheGENESIScommandsneededto setup
thenetwork for thissimulation.

18.4 Creating a Network Simulation

Theprocessof settingupa neuralnetwork simulationin GENESIScanbedividedupcon-
ceptuallyinto several stages.First, thebasiclow-level componentsof the simulationthat
areusedto constructcellsmustbe speci�ed. Theseincludecompartments,ion channels,
andotherelementsthatmayincludeelementsto simulatecalcium�ux es,detectwhenspike
thresholdshave beenreached,andso on. The secondstageis to link theselow-level el-
ementsinto singlecells representingthe differentcell classesto be incorporatedinto the
model. The third stageis to createarraysof thesecells correspondingto the biological
structuresbeingmodeled. In our case,this meanscreatingan arrayof retinal cells, and
arraysof bothverticallyandhorizontallyselective V1 cells. In thefourthstage,weconnect
thecellsin anetwork,specifyingtheconnectionstrengths,axonalandsynaptictransmission
delays,andall otherparametersof thesynapticconnections.Then,we createany needed
externalinputsto thesystem.The�nal stageis to setup theuserinterfaceandoutputrou-
tinesthatallow theuserto run thesimulation,view thedatabeinggenerated,and/orsave
thedatato disk for furtheranalysis.

Of course,you maynot alwaysrigorouslyfollow this order. Usually, you will wantto
do sometestinganddebuggingwhile you areconstructingyour network. This maymean
providing someinputto thesystemandsomegraphicaldisplaybeforeyouhavecompletely
�nished stagefour. Section18.7.3describessomeutility functionsthat will be useful in
debuggingnetwork simulations.

The focus of this chapteris on the third and fourth stages(settingup the network)
sinceotherchaptersgive moredetailson settingup singlecell modelsanduserinterfaces.
However, wewill �rst brie�y describethemannerin whichtheOrient tut script�les handle
the�rst two stages.

18.5 De�ning Prototypes

In theOrient tut simulation,theprototypeelementsarede�ned in the�les constants.gand
protodefs.g. The�rst scriptde�nes thevaluesof constantssuchastheNernstequilibrium
potentialsfor thedifferention classes(Na,K andCl), restingpotentials,singlechannelcon-
ductances,channeldensities,cell dimensions,axonalandsynapticpropagationdelays,and
soon. In someGENESISsimulationstheNernstpotentialsarecomputedby thenernst ob-
jectasthesimulationis running;however, sincetheOrient tut simulationis somewhatless
detailed,theNernstpotentialsareassumedto beconstant.Theprotodefs.gscriptde�nesthe
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componentelementsneededto constructthecells.Thedifferentobjectsusedincludea ba-
siccompartmentobject,active Na� andK � Hodgkin-Huxley typeionic channels,synaptic
channels(depolarizingNa� channels,hyperpolarizingK � channelsandshuntingCl � chan-
nels),anda spike detectorspikegenobject.Theseobjectshave beendescribedin previous
chapters,especiallyChapter15.

In protodefs.gwe createthe neutral element/library to storethe basicsynapticand
ionic channeltypes,aswell asabasiccompartmentelementandaspikedetector(spikegen
element).Thenwe disablethe library usingthecommand“ �����������	�������	�

�

�

�

� ” so that
theelementsin /library arenotsimulatedduringthesimulation.Thepurposeof thisis to use
thelibraryelementsastemplatesthatcanbecopiedto otherplaceswherethey will belinked
into themainsimulation,asdescribedin Chapters16and 17. In thiscasethey will beused
to make prototypecells, which we will copy into the network arrays. Anotherapproach
would be to make the library prototypesinto GENESISextendedobjects,asdiscussedin
Sec.14.5.However, theapproachdescribedhereis adequatefor ourpurposes.

After protodefs.ghasbeenloaded,all the prototypechannelsand compartmentsare
subelementsof the/library element.Now wewantto usetheseelementsto build upproto-
typecellsfor thesimulation.Therearetwo typesof cells: thereceptorcells,which canbe
thoughtof asvery cruderepresentationsof retinalganglioncells,andtheV1 cells,which
representthesynaptic“targets”of theretinalcells.Thesecell typesarede�ned in thescript
�les retina.gandV1.g, whichwedescribenext.

In retina.g, a sample“receptor”cell is createdin the library. This is not a realcell in
thesenseof having compartmentsor ion channels.It is merelya spike generatorthatcan
beconnectedto postsynapticcells in thesameway asa cell. Only oneobjectis required
for this: therandomspikeobject.randomspike is aspike generatorthatgeneratesrandom
(Poisson-distributed) spikes at an averageratesetby its rate �eld; for moredetails,see
Chapter15.

The retina.gscript createsa prototypereceptorcell called/library/rec, wherelibrary
andrecarebothneutral elements.It thencreatestherandomspikeelement(randomspike
generator)calledinput in library/recandsetsits average�ring rateandabsoluterefractory
period.

The script V1.g works in a similar manner, building a V1 cell in the library (as /li-
brary/soma). In thiscase,thebaseelement(/library/soma) is derivedfrom acompartment
object,not a neutral object.We couldhave madethebaseelementfrom a neutral object,
but conceptuallyall theotherpartsof theV1 cell areconnectedto thesomaanyway, sothis
wasmoreconvenient. The V1 cell consistsof a singlecompartment(/library/soma) that
is linked to Hodgkin-Huxley Na� andK � channels,excitatoryandinhibitory synaptically
activatedchannels,andaspikegenelement,whichdetectsspikesoccurringin thecell.
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18.6 Creating Arra ys of Cells

Now thatwe have a prototypereceptorcell anda prototypeV1 cell, we arereadyto create
theretinaandV1 arrays.Thestatement
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in retina.g is usedto make multiple copiesof rec and its children into /retina/recplane,
arrangingtheir x-y coordinateson a two-dimensionalgrid. /retina/recplaneis a neutral
elementcreatedby thecommandfor thepurposeof storingthecopiesof thereceptorcell.
Theusagefor thecreatemapcommandis
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whereNx andNy arethenumberof cellson a sidein thex andy directions(giving a total
of Nx < Ny cellsin all), dx anddy arethephysicalseparationsin thex andy directions,and
xminandymingive thepositionof the�rst elementto becreated(i.e.,with the lowestx-y
values).If theentity to becopiedis a GENESISobjectin its own right (asopposedto the
baseof a treeof elements)youshouldusethe =����?>�� � � option.This is mainly for usewith
GENESISextendedobjects(seetheGENESISReferenceManual)andis notneededin this
simulation.HereRECNX andRECNY(thedimensionsof thereceptorcell array, i.e., the
numberof cells on a sidein the x andy directions)areboth 10, andthe cell separations
(RECSEPXandRECSEPY) areeach40 < 10�

6 (meters;i.e., 40 µm — all units areSI
unlessotherwisenoted).

Thus,thecommand“ ��� �

�

��� � ��� �

�

� ��� ������� ” gives“
�

� �A@CB�=�D�D�E � ”, meaningthat it
hascreatedrec[0] throughrec[99]. The“ � ” indicatesthateachelementhaschild elements.
In this casethe only child elementwill be the randomspike elementinput. The “cells”
rec[0] throughrec[99] areneutral elementsbecauseall they needto do is to containthe
randomspike generator. It would alsohave beenpossibleto createthesecopieswith the
command“ ����� � � ���	�

�

�

�

� �

�

� � �

�

��� ����� �

�

� � � ������� �

�

� �A@CB�EF=

�

�
�������HG�B�B ”. How-
ever, the useof createmapassignsvaluesto thex andy coordinate�elds of the elements
correspondingto their locationson the grid. Thesecoordinateswill be usednot only to
displaythecellsin adraw widget,but to assignsynapticconnections,synapticweightsand
propagationdelays.

Occasionally, it mightalsobeusefulto specifyanon-rectangulargeometryfor theposi-
tionsof theretinalcells.For example,wemightwish for theretinalcellsto bearrangedso
thatthey �ll up theinteriorof a circularregion centeredon theorigin with a radiusof 200
microns. In this casecreatemapwill not work, sinceit arrangesthecells in a rectangular
grid. However, wecouldwrite a scriptfunctionto implementthisarrangementasfollows:
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This functionis instructive in that it demonstratestheuseof someof GENESIS'loop-
ing andconditionalconstructs.Like any modernprogramminglanguage,GENESIShasa
full rangeof suchcommands,including for, foreach, while, if/else, andsoon. All such
commandsterminatewith anendstatement.Thesyntaxof thesecommandsis similar to
thatof thecorrespondingC functions(or C shell,in thecaseof foreach); for full details,see
theGENESISReferenceManual.In thiscasethefunctiongeneratespairsof integersrang-
ing from $ 5 to 5 andtestswhetherthesumof their squaresis lessthanor equalto 25, i.e.,
whetherthenumbersarewithin acircleof radius5 centeredattheorigin. If so,aretinalcell
is copiedfrom thelibrary to the/retina/recplane/rec[] arrayandgivenx-y coordinatesthat
arescaledversionsof i and j usingthepositioncommand.Thepositioncommand,asits
namesuggests,setsthepositioncoordinatesof anelementto equalits lastthreearguments
(which arex-value, y-value, z-value, respectively). You maywish to checkthat theabove
function doesin fact arrangethe cells in a circular arraywith a diameterof 200 microns
centeredon theorigin.

This functionalsoillustratesanotherfeatureof GENESISprogramming:if thereis no
built-in commandto performaparticulartask,youcanusuallywrite ascriptfunctionto do
it. If thereis a built-in command,however, it is nearlyalwaysmoreef�cient (i.e., faster)
thananequivalentscriptfunction.

Now wereturnto theactualsimulation.Thestatement
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Thismeansthatthex, y, zpositionsof thecell are( $ 200, $ 200,0) (in microns).Likewise,
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Thisshows thatall theretinalcellshave thesamezcoordinate(0) but arepositioneddiffer-
ently in x-y space.

In asimilarmanner, thescriptV1.gmakes25copiesof theV1 cell in /V1/horizwith the
statement:
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Executingthecommand“ �	� ��� G �
���

�

�
� ” gives“ ���	� � @ B�=�

��E � ”; again,the�nal “ � ”
indicatesthat thearrayof cellshave subelementsconnectedto them. This arrayis 5 by 5
with spacingsof 80 < 10�

6 m (V1 SEPXandV1 SEPY) in the x andy directions. These
representtheV1 cellsselective to horizontallyorientedstimuli. A similarstatementis used
to createthe planeof vertically selective cells (called /V1/vert). All of the cells in both
planeshave z coordinatesof 0.0. In this casethespatialcoordinatesof thehorizontaland
verticalcellsoverlap,but this will causeno problemssincethetwo groupsof cellscanbe
referredto andmanipulatedseparately.

At this point we have threearraysof cells,representingthesource“retinal” cells,and
the vertically andhorizontallyselective destination“V1” cells. Thenext stepis to setup
connectionsbetweenthesecellsto form a network.

18.7 Making Synaptic Connections

Therearetwo differentwaysof specifyingthenatureof connectionsbetweencellsin GEN-
ESIS.We can individually specifyeachconnectionand its associatedparameters,or we
canusespecialGENESIScommandsthatde�ne andparameterizegroupsof connections
betweengroupsof elements.TheOrient tut simulationemploysthesecondapproach,using
the commandsplanarconnect, planardelay, andplanarweight(in the script �le ret V1.g).
First, though,we will remind you how we manuallyset up connectionsin Chapter15.
This approachmight be feasiblein modelinga systemwith preciseconnectionsbetween
identi�ed cells,suchassomeinvertebratesystemsandthecentralpatterngeneratorcircuits
treatedin Chapter8. For larger networks with lesspreciseconnectivities, the commands
operatingongroupsof elementsandconnectionsaremoreappropriate.



18.7.MakingSynapticConnections 287

A synapticconnectionin GENESISis madebetweena spike generatingobject(such
asrandomspike or spikegen) anda synapticchannelobject(suchassynchan). Axonsas
sucharenot modeledexplicitly (althoughthereis anobsoleteaxon objectthat is usedin
someolder simulations). In general,the somaticcompartmentof a cell will be linked to
a spikegenobject,which will detectwhena spike hasoccurredandpassthat information
alongto thesynapticchannelobject.TheV1 cellsin ourcasearesetupin thisway, although
in thissimplemodeltheV1 cellsarenotconnectedto anything(but seetheexercisesat the
endof thechapter).Alternatively, a randomspike objectcanbeusedto provide randomly
occurringspikesatagivenfrequency to thesynapticchannelobject.Theretinalcellsin our
modelaremodeledasrandomspike objects,andwe imposea �ring patternon theretina
by manipulatingthe�ring ratesof theretinalcell directly (discussedin Sec.18.8).

18.7.1 Specifying Individual Synaptic Connections

Theconnectionbetweenthespike generatingobjectandthesynapticobjectis established
by addinga messagebetweenthe two objects. For instance,to connectthe retinal cell
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�

)�)


 7�/����������0�������	����
������������	��� � �

�

�	����


8

�,��� ����%

.

��� *	��7

.


�� �)�

�

���

9

�

"

7����

*�+

���

 

Here,the presynapticelementis a randomspike objectandthe postsynapticelement
is a synchanobject,or synapticallyactivatedchannel,discussedin Chapter15. Sincethe
synapticconnectionpresumablyincludesa timedelaybetweenthetime thespike occurred
andthetimeits in�uenceis felt onthesynapticchannel,dueto boththeaxonalandsynaptic
transmissiondelays,we have to specify that delayexplicitly (the default is a delayof 0,
which is not very realistic). Also, the effectsof differentsynapseson their postsynaptic
targetswill differ in magnitude.Thisismodeledbyaweight�eld onthesynapse.Assuming
thattheaboveSPIKEmessagecreatedsynapsenumber0 onthesynchanobject,theweight
anddelaymaybesetasfollows.
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for a weight of 2 � 0 and a delay of 0 � 1 msec(10�

4 sec). It shouldbe emphasizedthat
synaptic“weight” is a dimensionless�eld: a weightof 1 � 0 meansthata singlespike will
causea conductancechangewith a maximumheightof gmax, the“maximal” conductance
of thesynapse.However, a weightof 2 � 0 will causea conductancechangethat is twice as
large.Thus,thegmax�eld in thesynchanobjectrefersto themaximalconductanceof the
channelwhenthesynapticweightis 1.0.

To make thingseveneasieron us,we couldalternatively write a script-level command
to setupsynapsesasfollows.
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WhenweaddaSPIKEmessage,thelastsynapsecorrespondsto themessagejustadded.
We have to setnsynapsesto (nsynapses$ 1) sincesynapsesarenumberedstartingwith 0.
Oncethis functionis de�ned,settingupasynapseis aseasyastyping:
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We've just shown you how to setup synapsesindividually in GENESIS.However, in
any reasonablysizednetwork simulation,it would be extremelytediousto setup all the
connectionsin this way. We could usea for loop alongwith the makesynapsefunction
de�nedabove,but thereis aneasierway. GENESISincludesseveralcommandsthatcanbe
usedto setup largenumbersof synapsesall atonce,thussimplifying theprocessof setting
up network-level simulations.This is theapproachtaken in theOrient tut simulation,and
is describednext.

18.7.2 Commands Involving Groups of Synapses

Connecting Groups of Synapses

Theconnectionsbetweentheretinaplaneandthetwo V1planesaremadein ret V1.gwith
statementslike:
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Thepurposeof thisrathercomplex commandis toconnectaregionof identicalelements
toanotherregionof identicalelements(theelementsof thesecondregionarenotnecessarily
thesamekind of elementsasthoseof the�rst region). Theplanar in planarconnectrefers
to thefact that thesourceelementsareviewedaslying in a two-dimensionalplane.Since
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GENESISobjectscanhave three-dimensionallocations,this meansthat only the x andy
dimensionsareusedin this command.Thecommandis intendedto beusedfor elements
locatedin a two-dimensionalsheetwith aconstantzvalue,whichis truefor objectscreated
with thecreatemapcommanddescribedabove. Thefull usagefor this commandis:
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Incidentally, noticethat in GENESIScommandsthat spanseveral lines andthat arecon-
tinuedusingbackslashes(

�

) you canincludecommentsafter thebackslashes.Theempty
brackets (rec[] andsoma[]) indicatethat all of the spikegenelementsin the retinal cells
(i.e., /retina/recplane/rec[0-99]/i nput) will be connectedto the synchan elementsin
/V1/horiz/soma[0-24]/exc syn. “ =

�

� ����� � ��� ” meansthatthe(x, y) coordinatesof thedesti-
nationelementswill bemeasuredrelative to thoseof thesourceelements.Thedefault is to
usetheabsolutecoordinatesof thedestinationelements.The =��
���

�

���	� ����� optionspeci-
�es therangeof sourceelementsto connect,aseitherarectangle(box) in thex-y coordinate
spaceof theelementsor anellipse.For a rectangular(box) region, thecoordinatesx1 and
y1 referto theminimumx andy valuesof therectangularregion,andthecoordinatesx2 and
y2 referto themaximumx andy valuesof therectangularregion. For anelliptical region,
x1 andy1 arethecoordinatesof thecenterof theellipsewhereasx2 andy2 arethelengths
of theprincipalaxesin thex andy directions,respectively. Thecurly bracesmeanyouhave
to chooseoneor theotherof � box,ellipse� .

In this case,the coordinates= GF=:G G G for the sourcemaskspana region far larger
thanthetotalextentof thesourceregion (2 meterssquare),sothatall sourceelementswill
be connected.You canspecifymultiple sourceregionsby specifyingseveral lines of the
form =����
�

�

��� � ������� ��� �	� � � ����� �
�
� � G � G � 
 � 
 . The =����
�

�

������� �	� optionindicates
a rangeof elementsnot to connect;this is usefulwhenyou want to connectall elements
in a rectangularregion exceptfor someinsidetheregion (seebelow for examples).Again,
you canspecifymultiple “holes” if you want. The = ����� � � ����� and = ����� ����� �	� options
similarly specifythecoordinatesof thedestinationelements.Finally, the = �

�

� ��� � � ���
���

option speci�es the probability of connections,which is 1 � 0 by default (all elementsin
thesourceregion(s)speci�ed areconnectedwith all elementsin thedestinationregion(s)
speci�ed).
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The way this works in practiceis as follows. GENESISlooks at the list of source
elementsandrejectsthosenot in the sourceregion. For eachsourceelementwithin the
sourceregion,it scansthelist of destinationelementsandpicksout thosewhosepositionis
in thedestinationregion (measuredeitherin absolutecoordinatesor relative to thespeci�c
sourceelement,if the =

�

� �	�����
��� option hasbeenselected).Then it makes a synaptic
connectionbetweenthesourceanddestinationelements.If the =
�

�

������� � ��� ��� optionhas
beenselectedthe connectionwill be madewith the given probability, so not all possible
connectionswill bemade.

Confused?Herearesomeexamples.First, saywe wantedthesourceregion to consist
of all thereccellsexceptfor a rectangularregionof 20 micronssquarein themiddle,with
thedestinationcellsthesameasabove. Thenyouwouldusethecommand:
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Alternatively, saywe wantedto have two destinationregionsfor the connectionsbe-
tweenthereceptorsandtheverticallyselective V1 cells,oneof which includesall thecells
whosex coordinatesarebetween10 and20 µmlessthanthereceptorcells' x coordinates
andoneof whichincludesall thecellswhosex coordinatesarebetween10and20µmmore
thanthereceptorcells' x coordinates.Also supposewewantedto excludeacircularpartof
thesourceregioncenteredat theorigin and20µmin diameter, but otherwiseincludeall the
sourcecells.Thenwecouldwrite this:
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Of course,theseexamplesarejust to illustratethe optionsavailable;we don't claim that
theseconnectionpatternsareidealfor generatinggoodorientationselectivity.

Thereis alsoa three-dimensionalanalogto planarconnect, which we'll mentionhere
for completenesseven thoughit isn't usedin Orient tut. It is volumeconnect, with the
following usage.
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The syntaxis exactly the sameasplanarconnect, except that x1, y1, andz1 refer to
the minimum x, y, andz coordinateswhile x2, y2, z2 refer to the maximumcoordinates
for a box region; for anellipsoidregion x1, y1, andz1 arethecoordinatesof thecenterof
the region while x2, y2, z2 arethe lengthsof the principal axes in the x, y andz regions
respectively.

NOTE: if, throughan error in syntax,you mistakenly specify sourceor destination
elementsthat don't exist, no error messagewill be given. Therefore,it is a goodideato
checkto seeif theconnectionsexist. Oneway to �nd out whatsynapticconnectionsexist
is to usethefollowing command:
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This refersto therandomspikeelementcalledinput, which is partof receptorcell 54. The
outputgivesthemessagessentfrom thiselement:
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Thisshowsthatthereceptoris connectedto theexcitatorysynapsesof thesomataof several
cells. The elementsreceiving the messagesare synchan objects. If you have a lot of
messagesbeingpassedfrom the sourceelementasidefrom the SPIKEmessage,you can
type
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whichwill only displaytheSPIKEmessages.Theshowmsgcommanddoesn't tell youwhat
theweightor delayis for eachconnection;thatinformationis storedin thesynchanobjects
(on thepostsynapticside).Likewise,youcancheckthat
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shows targetsin theV1 horiz layerof somas11–19,not including15.
Onthepostsynapticside,wecanusetheshowmsgcommandto displaytheconnections

( ��� ����� messages)cominginto asynapse(synchanobject).For example,if we type
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SeeSec.18.7.3for amorecomprehensive wayof obtaininginformationaboutsynaptic
connections.

Setting the Delay Fields of Groups of Synapses

Thetransmissiondelaysaresetwith theplanardelayfunction. In this simulation,thecom-
mand
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usesthe x andy coordinatesto calculatethe radial distancefrom eachof the sourceele-
ments(rec[0]/inputthroughrec[99]/input) to eachtargetfor thesynapticconnections.This
distanceis dividedby thescalefactor, CABLEVEL, in orderto assignavaluefor thedelay
�eld of the axonconnection.CABLEVEL standsfor the velocity of axonalpropagation,
in m� sec. Dividing thedistancebetweentwo objectsby thepropagationvelocity givesthe
timedelayfor aspike occurringatonecell to reachthepostsynapticcell, assumingthatthe
axonsareorientedradially. Note that thedistancebetweenthe two planesdoesnot enter
into this calculation. Also note that sourceelementsfor this commandmustbe derived
from objectsthatcansendSPIKEmessages,whichusuallymeansrandomspikeobjectsor
spikegenobjects.

Thefull syntaxfor theplanardelayfunctionis:
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Thereareseveraloptionsfor theplanardelayfunction. The�rst two options( =���� ��� �

and =

�

������� � ) aremutuallyexclusive. =���������� meansthat thedelaysfrom thesourceare
all nominallyequalto ��� ��� � . =

�

� ����� � meansthat thedelaysfrom thesourcearescaled
accordingto the radial distancebetweenthe sourceandthe targets. conductionvelocity
representstheconductionvelocityof thespikealongthe(hypothetical)axon.As mentioned
above, the computeddelaybetweentwo elementsequalsthe radial distancebetweenthe
elements(computedby thefunction)dividedby theconductionvelocity. The =	����� option
causesthedelayscomputedusingeitherthe =���� ��� � or =

�

� ����� � commandsto beaddedto
thepreexistingdelay(thedefault is to simplyreplacetheexistingdelaywith thenew value).
This canbe useful if you aremodelingcells connectedby �ber tractsthat have sections
with differentconductionvelocities,for example,whenfast-conductingaxonsgive riseto
slower-conductingaxoncollaterals.In thatcaseyoucancall planardelayonceto setup the
delaysfrom theaxonandcall it againusingthe =	� ��� optionto addthedelaysfrom theaxon
collateralsusingadifferentconductionvelocity.

Theotheroptionsrepresentwaysof addingrandomcomponentsto the delays.Since
thesesameoptionsareusedfor severalcommands,they arediscussedin furtherdetaillater
in this sectionunder“Adding Randomnessto Weightsand Delays.”

Thereis alsoathree-dimensionalanalogof thiscommand,calledvolumedelay, with the
samesyntax,
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Theonly differencebetweenplanardelayandvolumedelayis that volumedelaycalculates
theradialdistanceusingall threedimensionsinsteadof just thex andy dimensions.

Thereis alsoa separatecommandcalledsyndelay, for addinga smallsynapticcompo-
nentto thedelays.This is usefulwhencellsareveryclosetogetherandthedelaycalculated
usingthe =

�

������� � optionof planardelayor volumedelayis unrealisticallysmall.Theusage
of this commandis:
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In this casethe pathspeci�cationis to a groupof postsynapticobjects(i.e., synchan
elements).Thedelayis equalto the“delay” argumentof thecommand,with theappropriate
randomcomponentadded.If you want to addthis delayto a delaypreviously determined
using planardelay, say, usethe =������ option as with planardelay. If not, the computed
delaysbecomethe delaysof the synapsesandif you want to addaxonaldelaysyou will
have to useplanardelayor volumedelaywith the =	����� option. In general,oneusuallysets
theaxonaldelay�rst andthenaddson thesynapticdelayif desired.It is importantto note
thatthesynapticdelayisNOT aseparate�eld in thesynapse;theaxonalandsynapticdelays
arelumpedtogetherin asingle“delay” �eld.

Setting the Weight Fields of Groups of Synapses

Finally, wehave to assignweightsto thesynapses,sincetheplanarconnectfunctioninitial-
izesall weightsto zero.In theOrient tut simulation,this is donewith thecommand
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Thiscommandis of theform
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wheresourcepathnormallyrefersto thespikegenor randomspike elementsof thesource
cells. In this command,the�rst options( =���������� and = ��� ��� � ) aremutuallyexclusive and
determinewhethertheweightsfall off with distancefrom thesource.The =���� ����� option
makes all weightsfrom that sourcepathnominally equalto weight. The = ��� ��� � option
workslike planardelaycalculatinga radialdistancebetweenthesourceelementsandeach
target.Theparameterdecayrategivestheratefor anexponentialdecayof theweightswith
radialdistance.Notethatdecayratehastheunitsof meters�

1. Thefunctiondescribingthe
weightasa functionof maxweightandmin weightfor thisoptionis

weight= (maxweight $ min weight) < exp($ decayrate < radial distance)
�

min weight.
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Thereasononemightwantweightsthatdecayexponentiallywith distancedependson
the conceptualframework of the simulation. If eachsynapsein your network simulation
is intendedto representonesynapsein the real system,thenthe weightscould have any
(physiologicallyreasonable)value, and it might be best to set them to a randomvalue
within reasonablelimits if you hadno a priori reasonto setthemto particularvaluesfor
particularcells. On theotherhand,sincea simulatortypically modelsa large network of
neuronswith a much smallernumberof simulatedcells, eachcell canbe thoughtof as
representative of agroupof cellsin aparticularregion. In thiscase,it makessensethat,on
average,simulatedcellsclosetogetherwill have strongerconnectionsbetweenthem(i.e.,
synapseswith largerweights)thansimulatedcellslocatedfartherapartfrom eachother, for
thesimplereasonthat therealcellsof which thesimulatedcellsarerepresentative will in
generalform moreconnectionsbetweenthemif they areclosetogetherthanif they arefar
apart. It hasto bekept in mind thatunlessyou intendto modelevery cell in thenetwork,
eachcell is really anabstractionof a classof cells,andthestrengthof thesynapseshasto
re�ect thenatureof this abstraction.If you don't wantexponentialdecayof weights,you
shouldusethe =���� ����� option.In theOrient tut simulationweusethe =���� ����� optionsince
we aren't modelingconnectionsbetweenV1 cells (but seethe exercisesat the endof the
chapter).Rememberthatif you don't useplanarweight(or volumeweight, describednext),
youhave to settheweightsexplicitly, sincethey areequalto zeroby default.

Asusual,thereisalsoathree-dimensionalanalogof thiscommand,calledvolumeweight
with thesamesyntaxandfunction:
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The only differencebetweenvolumeweightandplanarweightis that, for the = ��� ��� �

option, the distancesarecalculatedusingall threedimensionsinsteadof just the x andy
dimensions.

Adding Randomness to Weights and Delays

The above commandsfor settingweightsand delayshave a set of optionsfor addinga
randomcomponentto theweightsanddelaysset.Theseoptionsarethesamefor all these
commands,andhave theform:
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Eachof the �rst threeoptionsselectsa randomnumberout of a particularprobability
distribution. Thescaleoptionof =
�	� � ���

�

� givesa randomnumberuniformly distributed
in the range � -scale, scale� . The =����
� �������
� optiongivesa Gaussian-distributedrandom
value with a meanof zero, a standarddeviation of stdev, and a maximumdeviation of
maxdev. The =	� ���������
������� � optiongivesanexponentiallydistributedvaluewith a mini-
mumvalueof zero,1/epoint (i.e., thepoint at which theprobabilitydensityfunctionhas
decayedto 1/e of its maximumvalue)at mid andmaximumvalueof max. The maxor
maxdev argumentsareusefulin caseswhereyouwantto truncatetheendsof a distribution
to preventweightsanddelaysfrom beinglargeror smallerthansomelimit. For instance,a
suitablechoiceof maxor maxdev will preventthepossibilityof settingweightsor delaysto
a negative value,which is biologicallymeaningless.However, asanaddedprecaution,the
commandsfor settinggroupsof weightsanddelayswill setnegative valuesthatmayarise
from usingtherandomoptionsto zero.

The way theseoptionsareusedis asfollows. First the weight or delayis calculated
accordingto thecommand-speci�coptionsof thecommand.Let's saythatval is thevalue
of aweightor delaybeforeany randomnessis added.After therandomnumberis included,
wehave

val = val
�

(val < randomnumber)

unlessthe =	��� ��� �
�����

�

��� ��� � optionis used,in whichcasewehave

val = val
�

randomnumber

In otherwords,normally thevalueof therandomnumberis scaledto theexisting weight
or delaybeforeaddingit to theweightor delay. This is reasonablein mostcases,sinceyou
usuallywantto addacertainproportionof variability to all weightsor delays.Thusit' seasy
to add,say, upto 10%randomnessto yourweights— justuse=
��� � ���

�

� B���G . If youwant
to addrandomnumbersfrom the samedistribution to all weightsor delaysregardlessof
theiroriginalsize,usethe =	��� ��� �
�����

�

��� ��� � option(whichyoucanabbreviateas =	� � � ).
In all thesecases,the randomnumberis chosenseparatelyfor eachsynapticconnec-

tion. Thecommand“
�

��� �����	���

�

���
� ���

���

” will initialize the randomnumbergenerator
with number. If randseedis calledwith no argumentsit will initialize therandomnumber
generatorwith thecurrenttime,giving randomnumbersthatwill bedifferenteachtimeyou
run thesimulation.

Herearea coupleof examples. In the above case,if you wantedto have delayscor-
respondingto conductionvelocitiesuniformly distributed between1 and 2 m� sec(i.e.,
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1 � 5
�

0 � 5 m� sec, or 1 � 5
�

33%)you couldtype
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(We're assumingyou're usingSI unitshere.)Notethatthescalingis importanthere,since
thedelaysarecalculatedby dividing thedistanceby theconductionvelocities.Thus,delays
correspondingto nearbyelementswill be shorterthan thosecorrespondingto elements
separatedby agreaterdistance.Therefore,it is importantthattherandomcomponentof the
delaybescaledto avaluethatis a constantproportionof thetotaldelay.

If you wantedweightsnormallydistributedwith ameanof 2 � 0, a standarddeviationof
10%of themean(i.e.,0.2),andamaximumdeviationof 40%of themean(0.8),giving the
weightstherangeof � 1.2,2.8� , youcouldtype
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In this case,we could have usedthe =	��� ��� �
�����

�

��� ��� � option with the arguments
=������ ���	����� B�� 
 B ��� to getthesameeffect,sinceheretheweightsareall thesameat the
beginning. It is very importantto bearin mind that theargumentsto theoptionsinvolving
randomnessarerelative to theactualweightor delayvalueunlessthe =���� �
� � �����

�

�
� ���	�

optionis used.
After settingupweightsanddelayswith theabove commands,it wouldbea goodidea

to checkthatthey arein thedesiredranges.Wecoulduseshow�eldfor this,but it wouldbe
a tediousprocedureto trackdown all theconnectionsandto inspectthevarioussynchan
�elds. Fortunately, GENESIShassomecommandsthatmake thiseasier.

18.7.3 Utility Functions for Synapses

In general,we do not want to be concernedwith the synapsenumber(hereaftercalled
the synapseindex, sinceit representsthe index of an arrayof synapses)whensettingup
weightsanddelays.In addition,sometimeswemayneedto accessotherinformationabout
synapses,suchasthe sourceelementof a given synapseor the total numberof synapses.
GENESISprovidesseveralutility functionsfor thispurpose,whichwedescribehere.These
functionswill beparticularlyusefulfor debugginga simulation.Althoughthecommands
describedabove aremuchmoreef�cient thantheuseof for loopsfor theestablishmentof
network connections,it is easyto makeamistake in syntaxandnotgettheconnectionsthat
wereintended.

Thefunctiongetsyncounthastheusage
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This functionis usedto countsynapsenumbers.Eitheroneor bothoptionsmustbespec-
i�ed. Themostcommonusageis to specifyonly thepresynapticelement.In this case,it
returnsthenumberof SPIKEmessagesthataresentby thatelement.If only thepostsynap-
tic element(e.g.,a synchan) is present,it returnsthenumberof synapsesin thatelement.
As wehave seenin Chapter15andin Sec.18.7.1,wecouldalsoobtainthis resultby using
get�eld to retrieve the nsynapses�eld of thepostsynapticelement.If bothargumentsare
present,it returnsa countof the numberof synapsesin the postsynapticelementthat re-
ceive SPIKEmessagesfrom thepresynapticelement.(This will almostalwaysreturn0 or
1, asredundantconnectionsbetweenthesamesourceanddestinationaremoreef�ciently
handledby increasingthesynapticweightof theconnection.)

Thefunctiongetsynindex hastheusage
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It is usedto �nd theindex of synapsesbetweenthegivenpresynapticandpostsynapticele-
ments.The =
�	�
� ���

�

optionwill give theindex of thenth synapsebetweenthepresynaptic
andpostsynaptictarget. This option shouldrarely be necessary, sinceusuallythereis at
mostonesynapsebetweena given presynapticandpostsynapticelement.If no matching
synapseis found,a warningmessageis printedandthefunctionreturns$ 1.

Wecanusethegetsynindex functionin GENESISto helpussettheweightsanddelays
of a synapsewhosepresynapticelementis known but whoseindex is not. For examplewe
couldtype
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Thefunctiongetsynsrc hastheusage
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This functionreturnsastringthatis thepathof thepresynapticelementsendingtheSPIKE
messageto thesynapseof thepostsynapticelementwith thegivenindex.

Thefunctiongetsyndesthastheusage
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This function returnsa string that is the pathof the postsynapticelementwhich receives
the nth SPIKE messagesentby the presynapticelement.The =�� � ��� � option returnsthe
index of thesynapsecorrespondingto this message.Alternatively, afterhaving foundthe
destinationsynapse,youmay�nd its index by usinggetsynindex.

As anexampleof theuseof theabove functions,we canwrite a scriptfunctionto give
informationaboutall thesynapsesin aparticularsynchan:
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This functionalsousesthe �oatformat commandto setthe formatof the outputto %.3g,
whichdisplaysatmostthreesigni�cant �gures androundstheoutputto reasonablevalues.
TheGENESISdefault is to print out10signi�cant digits,which is oftenunnecessary.

We canusethis functionto checktherangesof theweightsanddelaysof thesynapses
in theOrient tut simulation.For example,
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18.8 Setting Up the Inputs

After thenetwork is constructed,we will usuallywanta way to provide someinput to the
network. The detailsof this will generallybe speci�c to your simulation. The inputsto
the Orient tut network arespeci�ed in the �le ret input.g. This �le de�nes several func-
tions whosepurposeis to sweepa verticalor horizontalbar acrossthe retinal cells. This
is doneby imposingan average�ring rateon thesecells by settingthe rate �eld of the
randomspike elementsin /retina/recplane/rec[0-99]/input. Therearea numberof ways
to accomplishthis in GENESIS.Onepossibility would be to setup a for loop that runs
throughall theelementsandsetstherateto a high or low valuedependingon theposition
of the cell in space.Anotherapproach,which is usedin the �le, is to de�ne a function
calleddo autosweepwhichis invokedoneachstepof thesimulation.Yetanotherapproach
would be to de�ne a GENESISextendedobject that performsthe samefunction. More
informationis givenin theREADME�le in theOrient tut directoryandin thecommentsin
theret input.g�le.
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18.9 Summar y

In this chapterwe have shown you the GENESIScommandsfor creatinggroupsof cells
andconnectingthemin networks. We have discussedhow to setup synapsesindividually
andalsohave describedvariouscommandsthat allow you to setup groupsof synapses
simultaneously. Thesecommandsenableyouto con�gure theconnectivity patterns,synap-
tic weights,and synapticdelaysof a network in very �e xible ways. We have usedthe
Orient tut simulationasanexampleto show how thesecommandsareusedin a realsim-
ulation. The Orient tut simulationalsoimplementsa graphicaluserinterfacethat allows
the userto look at variousaspectsof the network as it is beingsimulated,including the
�ring patternsof theinput (retinal)cells,themembranepotentialsof theoutput(V1) cells,
andtheconnectionpatternsin thenetwork. Theobjectsandcommandsusedto setup the
interfacearedescribedin Chapter22.

18.10 Exercises

1. Verify that with CABLEVEL = 1, the delays for the connections from
rec[54]/axonto the targetsin theV1 horiz layerof somas11, 12 and13 arecorrect
(i.e.,areequalto theradialdistances).

2. Modify the “synapseinfo” function, using the synapticutility functionsdescribed
previously, to generatethepathname,synapseindex, weight,anddelayvaluesof all
synapsesprojectingfrom a givenrandomspike element,i.e., all synapsesreceiving
SPIKEmessagesfrom thatelement.You might want to save this function for later
use.

3. Look atthe�le ret V1.g. How is theorientation-selectivity conferredonthenetwork?
Canyouimprovetheselectivity justby changingsomeparametersof thecommands?

Thecellsin thetwo V1 planescontainsomeelementsthatarenotusedin thesimulation.
Thespike generatorsof thecellsconnectto nothingandthereis no input to theinhibitory
channels,inh syn. As anexercisein usingthecommandsdiscussedabove,

4. Modify the ret V1.gscriptby addingsynapsesbetweenthe retinal cellsandthe in-
hibitory synapsesof the V1 cells in orderto improve the quality of the orientation
selectivity.

5. Modify the ret V1.gscript to generateconnectionsbetweenV1 cells. Canyou use
thefeedbackconnectionsto furtherimprove thequalityof theorientationselectivity?


