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Abstract

Neuwoinformaticspresentsa greatchallenge to thecom-
puter sciencecommunity Quantities of data currently
range up to multiple-petabytéevels. Thedataitself are di-
verse includingscalar vector(from1to 4 dimensions)yol-
umetric(up to 4 dimensionakpatio-tempaal), topolagical,
and symbolic,structued knowled@. Spatialscalesrange
from Angstomsto metes, while tempoal scalesgo from
microsecondso decadesBasedatavary greatlyfromindi-
vidualto individual, andresultscomputedtanchange with
improvementsn algorithms,data collectiontechniques or
underlyingmethods.

We describea systenfor manaying, sharing processing
and visualizingsud data. Ernvisionedas a “r eseacher’s
associate”, it will facilitate collaboration, interface be-
tweenreseachers and data, and performbookleepingas-
sociatedwith the completescientificinformationlife cycle
fromcollection,analysis,and publicationto review of pre-
viousresultsandthe start of a new cycle

1. Introduction

Neuroscientistsstudy the various anatomical,physio-
logical, andfunctional component®of nenous systemgo
betterunderstanchow the “low-level” actvity of individ-
ual cells mapsto behaior. In this researctprocessjarge
amountsof comple dataarecollected but technologyhas
not yet provided systemswhich integratethis datato help
scientistsanalyzeyisualize,andunderstandt [4, 10].

Thereareseveralaspect®f thiswhichareunusualwhen
comparedo mostotherscientificdataprocessingctuities.

*This work was supportedby NSF grant number BIR-9507314to
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Figure 1. An example rendered neuron. Cell
is shown within outline of enclosing gan-
glion. The cell is represented as a tree (with
each branc h including diameter data along its
length) and an associated “cloud” of output
sites (too small to be visib le here).

First of all, the basedatagatheredfrom experimentsare
diverse,including anatomical2D and 3D images,3D ge-
ometriesas shawvn in Fig. 1), physiological(times series,
point processesseeexamplein Fig. 2), molecular(2D and
3D densitydistributions),and symbolic (functions,beha-
iors). Additionally, dataare gatheredrom singlecellsin



Figure 2. An example physiological

recording, in this case of the simultaneous discharge of two

nerve cells (X-axis is time; Y-axis voltage). Cell disc harges are often recorded as a sequence of
voltages along time. Alternativel y, they may be assimilated to point processes by noting only the

times of occurrence of the large voltage spikes.

individual animalsand can vary greatly from one animal
to another However, researcherasuallydon’t wantto ask
guestionsabouta particularcell or individual; they wantto
generalizefrom the examplesthey’ve seento producean
understandingf how cellsandsystemdunction.

We addressherethreemajor problemsassociatedvith
neurosciencedataprocessinger neupoinformatics

1. The constructionof a basicsystemto supportneuro-
sciencadatamanagementhe L 0GOS system.

2. Providing researcherswith the ability to present
gueriesandreceve responsem termsof typical cells,
relying on an extensioncalled METAL 0GOS to map
these higherlevel constructsto operationson data
gatheredrom individual experiments.

3. The useof METAL 0GOS asa cells-to-systemsiter-
face wherebythe usercanmanipulatedatapertaining
to largenumbersof cellswhich collectively contribute
to a particularfunction.

To make 2 and3 above moreconcretegconsiderthe fol-
lowing example[5]. Crickets have elongatedsensoryor-
gans,calledcerci, which projectbehindthem. Thesecerci
are coveredwith hairs which sene astransducergor air
motion. Transducedsignalsare carried by sensoryneu-
ronsto an abdominalganglion a collectionof nene cells
andinter-neuronakonnectionsThe mary sensoryneurons
eachtransmittheir message$o a numberof second-leel
neuronsor interneuons eachinterneurorreceving input
from mary sensoncells.

The obvious questionto ask hereis: what computation
doesthe cercalsensorysystemas a whole perform? It is
not usuallyfeasible however, to performan experimentto
answerthis questiondirectly. Instead,a researchecould
performthefollowing experiments:

1. Staina single neuronin an individual cricket with a
chemicaldye, so thatits entire structurecanbe seen
easily Digitize its three-dimensionafjeometry As
shavn in Fig. 1, a cell is represente@s: a treewith
eachbranchhaving particulardiametersat eachnode,
and a cloud of small spheresor varicosities which
correspondio connectionpoints betweenthat cell’'s
outputandothercells’ inputs. This could be donefor
alargenumberof sensorycellsandinterneurons

2. Insertanelectrodento a cricket, andrecordthe phys-
iological responsegsimilarto thatshavn in Fig. 2) of
sensorycellsto air currentshaving differentdirection
and magnitude. This would allow oneto computea
tuning curvefor eachcell: a mappingfrom the space
of wind velocity to neuronoutputintensity For sen-
sory cells,this mapis typically a simplefunction.

3. Make physiological recordings of interneuron re-
sponseso air motion.

Experimentsl and2 canbe usedto build a databaséor
the first stagesof the cercalsystem[11]. However, it is
likely that the resultsof experiment3 would be difficult
to interpretinitially, sinceeachinterneurorrecevesinput
from mary sensorycells (andthusthe mapfrom wind ve-
locity to responsés complex anddifficult to eithersumma-
rize meaningfullyor provide constanciesrom oneanimal
to another).Instead pne mustfirst determinewhatcellular
aspectareconseredacrosdifferentanimals:in this case,
thedirectionalsensitvity of correspondindpairsandthere-
gion of the ganglionto which eachhair’s sensoryneuron
projects.

Basedon this, the summarydisplayshowvn in Fig. 3 can
be produced.A numberof sensorycells wereusedto gen-
eratethis diagram. For each,the distribution of varicosi-
tieswasusedto producean estimateof whatits connection
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Figure 3. System-le vel view computed from
a number of individual cells and animals.
This display shows sign and magnitude of re-
sponse to air motion to the right rear encoded
by shade of grey (original was in color) and
diamond size.

strengthto anothercell would be at eachpointin the vol-
umeof the ganglion. If aninterneurorhasaninput region
in asub-wlumedenselyfilled with sensorycell outputswe
would expectit to receve strongsignalsfrom thatsensory
cell. Contrastinglyaninputin a sparsesub-wolumewould
yield little input.

This densityfunctionwasthenusedasa weightfor mul-
tiplicationwith thesensorycell’swind velocitytuningfunc-
tion. The total systemresponsdor a numberof sensory
neuronganbe computedasthe sumof theindividualcells’
tuning functions,weightedby their densitiesat eachpoint
within theganglion.Usingthis 3D mapof netvelocity tun-
ing, onecancomputethe overall systemresponseo a puff
of air of aparticularspeedanddirection,whichis shavnin
thefigureasgrey level (from acolor original).

We cantake this one stepfurther, by shaving how this
system-lgel responsenapsto the input of a particularin-
terneuronFig. 4 shavs theresponsén Fig. 3 mappednto
aninterneurons structure.All branche®f the interneuron
smallerthansomecutoff diametemwereassumedo receie
input from sensorycells. For eachpoint on the surfaceof
thesebranchesthenetsystenresponseomputedor Fig. 3
wastakenastheinputthatwouldbereceved[11], indicated
by shadeof grey in Fig. 4 (betterdisplayedn thecolororig-
inal). Oncethis is accomplishedpne could then proceed

Figure 4. System response in Fig. 3 mapped
onto rendering of an interneur on (greyscale
rendering of a color original).

to comparetheseinputswith the physiologicalrecordings

madeof theinterneuroroutputto helpdeterminethe com-
putationit performs.

There are additional design goals for LoGos which,

while perhapsnot as novel asthosediscussedibore, are

no lessnecessaryThesenclude:

e Thelogical and physicalviews shouldmake explicit
distinctionsbetweenraw and (possiblyvariouslevels
of) processedlata[2, 7].

e Humanunderstandingf ary field changesvertime;
datacaptureandanalysischangestoo. The schemas
which underliedatastorageshouldbe evolvable[3].

e Scientific computingoccurswithin a heterogeneous
hardware and software ervironment; a scientificdata
managemergystemshouldaccommodatéhis [8].

¢ A domain-specificiserinterfacewhichaccommodates
differing levels of usersophisticatior(includingthose
who write their own applicationsshouldbe used[2].

e Becausdhis is a scientificdatamanagemensystem,
capabilitiessuchas maintenancef audittrails, error
tracking,anddatasecurityareessential10].
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Figure 5. LoGos system architecture , showing suppor t for distrib ution of data management, compu-

tation, and user interface tasks.

2. LoGos Architecture

The overall LoGos systemarchitectures presentedn
Fig. 5. Its basicdistributednatureis dictatedby the desire
to supportexisting hardwareandsoftwarewheneer feasi-
ble. It is thereforedividedinto threemain modules:a data
manger (DM) asa persistentatastoreandquery sener
(implementedusing ObjectStore,an off-the-shelf object-
orienteddatabasenanagemergystem)aworkspacgWs)
for performingdataanalysisandothercomputationallyin-
tensve tasks(the resultsof which might later becomepart
of thedatamanagess store),anda userinterface(Ul).

Many researchemnake daily useof Macintoshandintel-
basednachinesandit wasdecidedearly-onto supporttwo
userinterfaces: one hostedon a high-performanceJnix
workstationand anotherimplementedfor less expensve
hardware. However, useof a lessexpensie machineon
one’s desktopmight not meanlack of accesso morepow-
erful hardware elsavhere. A separatevorkspaceprocess,
which canbe hostedon somecycle sener, minimizesthe
penaltypaid. If onehasaccesgo a graphicsworkstation,
thenahigherperformanceiserinterface— currentlybased
on Openlinventor[12] — would be available, and there
would be the option of runningthe workspaceon the same

workstationor anothemmachine.CurrentL 0Gos develop-
mentis performedon Silicon Graphicsworkstations.

Thereis oneadditionalway that someusersmight want
to accesghe system. Insteadof using the userinterface
provided with LoGos, one might want to stick to some
existing software, for examplea neuralsimulationsystem
like GENESIS[1] or a mathematicahnalysispackagdike
MATLAB. Appropriateaccessnethodscanbe providedso
thata userof GENESIS for example,could connecto the
datamanagetto retrieve experimentaldatato sene asthe
basisfor simulations.

The neuroinformaticgproblemis comple, andit is un-
realisticto supposéhatary initial systemdesignwill solve
all of theissuesf userinterfacedesign,visualizationdata
managementseof domainknowledge,etc. LOGOS was
designedo be a framework for researclinto theseissues,
andthusits divisioninto thesemajorsubsystemmaximizes
our ability to isolate eachof theseareas. Object-oriented
designandimplementatiorusingC++ hasbeenusedto in-
creaseour ability to encapsulaténdependensystemfunc-
tions. Of coursethereis necessarilya correspondenckee-
tween WS and Ul dataobjects, since WS data must be
viewed by the user However, this architecturedoesallow
isolation of decisionsof how the userviews andinteracts
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Figure 6. User interface modules.

with thedatafrom theoperationghe WS performsonthem.
2.1. User Interface

Fig. 6 shovsthattheuserinterfacehasfour components:
one or more viewers/manipulatos, which handle exami-
nation and interactve modification of data, a workspace
overviev (WSO), which provides views of metadata(in-
formationaboutworkspacelataandfunctionobjects) Jan-
guage resoucessupportingmulti-lingual capabilities,and
the user interface contoller (UIC), which sequenceshe
operationof the Ul componentandtheir communication
with theworkspaceandprovidesa file systeminterfacefor
commandscripts and dataimport/export. This provides
isolationof datavisualizationto the viewers/manipulators
(currentlyimplementedusingOpeninventor)andmetadata
Ul issuesto the WSO. The UIC providesa “generic” con-
nectionto theworkspace.

Upon systemstartup,the UIC requestghatthe userlog
in to the system.This allows for securityin accesgo data
andlogging of who performedwhat operations.The UIC
thenconnectgo the WS andrequestogin verification. As-
sumingthe login is acceptedthe UIC thenpresentsa list
of datatypesthatit canaccept(constrainedy the capa-
bilities of its viewer) andthe WS replieswith a list of in-
formationaboutdataobjectsit containsandfunctionsthat
it can provide. The UIC displaysa WSO, which shavs
the systemwidefunction and dataobjectinformationand

allows the userto selectdataobjectsand operationgo be
performedon them. Commandgrom the WSOflow to the
UIC, which may dispatchthemto the WS or createoneor
moreviewersor manipulators.

A vieweris ameandor renderingdata,typically graphi-
cally, andallowing alimited setof localandWS operations
to be performedon the renderingor data,respectiely. A
viewer produceso new dataitemsto addto theworkspace.
A viewer providesa setof local operationsvhich modify
the appearancef the rendering.A viewer alsoallows the
userto requesiWS performanc®f certainoperationonthe
datacorrespondingo a particularrenderingwhich would
passvia the UIC to the WS. The viewer extendsthe WSO
commanddispatchingcapability by allowing userspecifi-
cationof somesubparbr singleelemenibf a dataobjectas
theinputfor aWs function.

A manipulatoris a viewer that also offers interactve
functionsover its data. A manipulatorcan producenew,
deriveddata,which passvia the UIC to the WS. An exam-
ple is the interactve alignmentof two neuronswhich can
produceanalignmentdataobjectfor storagen the WS (see
section3.4for a discussiorof thealignmentprocess).

2.2. Workspace

The workspaceshawn in Fig. 7 hasfour major compo-
nents:a workspacecontwoller (WC) which managesom-
municationwith the Ul andsequencethe actvities of the
other WS modules,processingplug-inswhich representl
setof operationsover the data(seesection3.2), a Working
memory(WM) that provides a temporarydatarepository
andaquerymanaer (QM) whichassemblegueriedor the
datamanageandtransferdatabetweerthe DM andWM.

WhenaUl requests connectiorto the WS, the WC first
performslogin verification. Assuminglogin is successful,
the WC retainsinformationaboutthe currentuserfor the
durationof the sessionandusesthis to tag newly imported
basedataandnewly computedderiveddata. The WC then
negotiatesaconnectiorprotocolwith theUl, thisconsisting
primarily of theUI notifying theWC of thetypesof datait is
capableof displaying(this guaranteedo be a subsebf the
datathe WC is capableof sending)andthe WC providing
a list of datacontainedn WM andfunctionsprovided by
the processingluginsand QM. Subsequentlythe WC is
responsibleotonly for receiptanddispatchof computation
requestérom theUl, but alsoupdatinghe Ul onchangesn
thecontentof WM (theresultof thecomputatiorrequests)
andcorvertingdatain theWM into typesdisplayableby the
Ul
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3. Data, Functor, and M etadata M odels

Datain LoGos canbe consideredhs existing in a dis-
cretized,2D space,with one axis being physicallocation
within thesystem(Ul, WS, DM) andtheotherbeingthecat-
egory of information. Threecateyoriesexist: data, includ-
ing base(experimental)and derived, functors or function
objectsencapsulatingVS processingplugins, DM opera-
tions,andUIl manipulatorcapabilitiesandmetadataabout
dataandfunctors.

Datamay move from one physicallocationto another
When they do, they may changeform (data structures,
methods)and/or content(e.g., pruning down of WS data
to visualizableattributesbeforetransmittalto the Ul). Cre-
ation of dataor functor objectsimplies creationof corre-
spondingmetadataand movementof the former implies
thepreviousmovemenif thelatter Thus,themetadataan
containinformation(or handle$ necessaryor referringto
databetweersubsystems.

The Ul mustdealwith eachcateyory of datadifferently.
Its WSOis atool for metadataviewing andinteraction.At
its simplest,it usesmetadatao display lists of WS data
and available functions, appliesconstraintsabout functor
argumentumberandtypeto provide basicerror checking,
and passesandlesto dataand functorsto the UIC con-
troller for dispatchto the WS or viewers/manipulatorsThe
viewersandmanipulatorgseceve arenderablesubsebf the
contentsof WS dataobjects,their metadataand a subset
of functor metadataallowing the userto commandcertain
WS operationson the displayeddata. The UIC receves
metadatandrenderablelatafrom the WS andhandlegor
dataandfunctorsfrom theWSOandviewers/manipulators,
providesfunctor metadatdor manipulatoroperationsand
routesdatato theappropriatelestinations.

Within the workspaceall threecateyoriesresidein the

WM, which is merelya passie, non-persistenstore. The
WC receveshandlego functorsanddatafrom the Ul, ex-
ecutedunctors,recevesmetadatdor any new datacreated
in theWM, andpasseshis new metadatanto theUl. The
WC also,uponUl requestfilters WM datato producevisu-
alizablerepresentationg@s per the capability settransmit-
ted by the Ul at connecttime) and transmitsthemto the
Ul. Whendataarecreatedn a Ul manipulatoythe WC will
createmetadatdor them,storebothin WM, andreturnthe
new metadatdo the Ul.

Theabove useof metadatado describegenericcharacter
isticsof bothdataandfunctorssenesto loosernthecoupling
amongsystemcomponentsallowing, for example,the ad-
dition of functors(and, to someextent, datatypes)to the
WS without modificationof the UL.

3.1. Data

All data,whetherimportedinto the systemasraw exper
imentalresultsor derivedvia (possiblymary) operation®n
otherdata,aresubclasseftom anabstracData class. WM
operationsare all performedon objectsof classData (or
Info — metadata— objects,seesection3.3). Functors,on
the otherhand,may be specializedo operateon particular
subclassesf Data or certainof their componenparts. For
brevity’s sale, we presenheretwo examplesof the object
hierarchiesusedin LoGos for storinganatomicablataand
dataderivedfrom anatomicainformation.

Fig. 8 presentsa partial LOGOS class hierarchy for
anatomicalexperimentaldatagatheredfrom a single ani-
mal: a Prepamtion. Suchdatausually include both the
anatomyof one or more Neuons and additionalanatomi-
cal featuresnot associatedvith any or these. Theseaddi-
tional featurespr Fiducials, areusedto registercoordinate
systemsetweerindividuals. Fiducialsare“landmarks”—
relatively invariantacrossindividuals— usedto bring the
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Figure 8. Living preparation class diagram. Arrows indicate parent/c hild relationship, with arrow di-

rection pointing to super class. Filled circles indicate “contains”

relationship, with circle at container

class. Open circles show “uses” relation, with circle at consumer end.

spatialcoordinatesystemsn which multiple preparations’
anatomicablataarecapturednto alignment.

A neuronhasa treelike structure andthusa genericbi-
nary tree classis the ancestorof much of its data. Un-
fortunately it is oftenimpracticalor impossibleto capture
thecell’'s anatomyin its entirety asits branchdiameterde-
creasesignificantlyasdistancefrom the centralcell body
increasesHowever, theconnectiondbetweercells,or vari-
cositiesaretypically large andimportantenoughthat they
are digitized separatelyand modeledas a setof spheres.
In both casesthe basicdatatypeis the 4-tuple of (z, v, z)
locationanddiameterd.

Fiducials,on the otherhand,usuallyhave only their lo-
cations(without ary diameterdata)recorded,asthey are
mostly the outlines of large internal structures(saved as
paths)or key featurelocations(savedaspoints).

As wasalludedto in the introductionandthe previous
discussiorof aligning coordinatesystemscomputinggen-
eral resultsfrom the specificexamplesobtainedfrom par
ticular individualsis challenging. Preciseanatomicalor-
ganizationis not identical from one animal to the next.
However, thereareof coursecertainorganizationabspects

which are presered amongall membersof a particular
species.Therefore thoughthe precisecoordinatesystems
for ary two individuals are not the same,the topology of
thatspacds, andin mary caseghe coordinate®f onemay
betransformedo thatof theotherby simpleoperationdik e
translationrotation,andscalingalongindividualaxes.This
transformations a 3DAlignment shavnin Fig. 9.

A 3DAlignmentis a DerivedData andis computedrom
two Prepaiations: arefeenceandanalignee The process
involveslocatingcorrespondindiducialsbelongingto each
preparation and then using themto determinethe appro-
priate transformation. The computationassociatedvith a
3DAlignmentmaybeperformednteractiely in somecases
(seesection3.4).

Anotherkind of derived data, this time combiningin-
formationaboutsereral neuronsfor a higher, system-lgel
overview, is the SynapticDensityiEld. A SynapticDensity-
Field is computedfrom the VaricositySes of one or more
neurons(for which a single, unifying 3DAlignmentmust
exist). It is a real-valued function of the (z,y, z) space
definedby their unifying 3DAlignment with the value at
eachpoint beingan estimateof the input strengthexerted
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Figure 9. Derived data class diagram. Connector s with arrows and open or filled circles are as in
Fig. 8; plain lines indicate the existence of arelation between the two classes.

by the neuronson ary otherneuronthatwould receve in-
put at that point. Synapticdensityis oneway to produce
anavelage neuwon from specificonesmeasuredit canalso
be extendedto a vectorvaluedfunction, andthe resultis
a completemapof wind velocity within the physicalspace
definedby thesensonyneuronsvaricositied6]. Section3.5
describefiow L oGos functorscanbecombinedo produce
a SynapticDensityield.

3.2. Functors

The LoGos functor conceptis similar to that pro-
vided by the C++ StandardTemplateLibrary [9] (STL):
it is an objectthat canbe calledlike a function (an ordi-
nary function, a function pointer, or an objectthat defines
oper at or ()). However, unlike the STL, compile-time
type checkingis not very useful here; we thereforedis-
pensewith the STL functorclassesandprovide onefunctor
classand mechanismsor run-time checkingof agument
type, number and order, aswell as“documentationdata”
displayablefor the users benefit(printablefunction name,
shortdescription,etc). For eachfunctor, a corresponding
metadatabject(Functorinfg is createdwith thefollowing
information:

Name Stringcontainingfunctionname for userinterface.

Description Short documentationstring describing the
function,for userinterface.

Arguments Numberof agumentsunsi gned.

ArgTypes One for eachamgument;an enumthatis also
usedto designatalataobjecttype. Notethattheactual
argumentpasseat the eventualfunctioncall mayin-
cludeadditioninformation,perhapgakenfrom associ-
atedmetadata.

ArgDesignators Somefunctorstakein multiplearguments
of the sametype, but treatthemdifferently The user
interface cannotbe relied uponto provide argument
orderinformation,sotherole of eachargumentcannot
be implicit in their specificationorder A string that
documentsan arguments role canbe associatedvith
ary or all (seesection3.4for anexample).

ReturnType An enumspecifyingthe type of dataobject
createdby the functor. Note thatthis doesnot imply
that the functionsthat are eventually called have this
returntype;they returnstructureghatcontainsuccess
or failureinformationplus pointersto datathatcanbe
usedby the WS to constructthe appropriatedataob-
ject.

Handle A referencdo thefunctoritself, usedto invokeit.
3.3. Metadata

Therearetwo typesof metadata:that which describes
dataandthatwhich describedunctors. The latter wasde-
scribedin section3.2; we summarizeheformerhere.Like
Functorinfg Datalnfosenesthe purpose®f run-timetype
checkingandinput validationand documentation.Unlike



functors,however, differentdataobjectsof the sameclass
are interchangeabléfunctors at least have their inherent
computationatapabilitiesthat definethem). We mustrely
onobjects’Datalnfoto allow usto distinguishamongthem.
Datalnfoincludes:

Name A string containinga creatorselectedname. For
experimentaldataimportedinto the system theseare
typically selectedusing somesystemenablingquick
identificationof the experiment.For derived datagen-
eratedby somefunctor, thesemaybelessuseful.

Notes A stringcontaininguserenterechotes.

History Functorand amgumenthandles along with date,
time, anduser For experimentalata,this would indi-
cateimport date,time, andcreator For deriveddata,
thiswould pointto thefunctorthatreturnedt, plusthe
functorarguments.A completehistory canbe gener
atedby recursvely following the historyentry of each
dataobjectarguments Datalnfo.

Tuning An optionalfield, which for preparationgndicates
thewind directionthatelicits a maximalresponse.

Handle A referencdo thedataobjectitself.
3.4. Interactive Example: The Alignment Process

The processf interactvely aligning two preparations’
coordinatesystemsis a simple exampleof how dataand
metadatareusedby the Ul. Theinteractve alignmentpro-
cessinvolvesdisplayingtwo preparationsgontainingboth
neuronstructureandfiducial landmarkdata,in a manipu-
lator that providestools for translation,rotation,and scal-
ing. One preparation— the refeence— remainslocked
in placewhile the other(thealigned is moved,turned,and
stretcheduntil the userjudgesthatthe two setsof fiducials
arematchedhscloselyaspractical.Theresultis a 3DAlign-
ment

Like all LoGgos operations,this begins in the WSO,
which is displayinglists of WS dataobjectsandfunctors.
Theinteractize alignmentfunctorresidesn the UIC, which
createghefollowing Functorinfofor the WSO:

Name ‘“‘“Interactive
Alignment’’

Description ‘*Use mani pulator to
manual Iy align two
preparations’’

Arguments 2

ArgTypes arg0: preparation
argl: preparation

ArgDesignators arg0: ‘‘reference’’
argl: ‘‘alignee’’

Returnype 3DAl i gnnent

Handle referenceo theUIC functor

Supposehe userselectstwo preparationsandthe “In-
teractive Alignment” operation. The WSO then checks
the number of data objects selectedagainstthe “Argu-
ments”field abose andthe type of eachargumentagainst
the “ArgTypes” entries. Next, we note that thereare two
“ArgDesignators”,indicating that eachargumentplays a
particularrolein theoperation. TheWSOmustthenprompt
the userto assignarole (“Reference’versus‘Alignee”) to
eachof the preparations.

At this point, we are readyto executethe functor, and
the WSO passeshe functorandargumenthandleqthe ar-
gumentrolesnow beingimplicit in their order)to the UIC.
In this case this is a UIC functorwhich createsa manipu-
lator, fetchesrenderableversionsof the preparationgrom
the WS, and passedhe preparationandtheir metadatao
themanipulator The usercantheninteractwith the manip-
ulator (or do otheroperationswithin L oGos, asthe manip-
ulatoris managecdhsa separatavindow) until he or sheis
satisfiedwith the alignment. At that point, the manipula-
tor returnsa new 3DAlignmentobject, which is passedo
the WS alongwith its newly-createdmetadatgwhich in-
cludesa historyentryshawing it wascreatedoy aninterac-
tive alignmentof thetwo preparations).

3.5. Abstraction: Computation of Response M aps

A morecomplex operationthatinvolvesWs functorsis
the computationof the responsenapshavn in Fig. 3. To
computethis, we mustaddresghe problemof determining
a“typical” cell'sinfluencebasedn ourspecificexperimen-
tal data[11]. Ordinarily, this would be accomplishediia
statisticatechniqguesHowever, thesearenotdirectly appli-
cableto thetree-like structureof a neuron.Two reasonable
assumptiongareusedto renderthis problemtractable:that
sensorycellsinfluenceinterneuronnly via their varicosi-
tiesandthatthe probability of aninterneurorreceving in-
put from a typical sensorycell canbe computedfrom the
distancets branchesarefrom its varicositiesandthe vari-
cosities’surfacearea. Determinatiorof a typical cell’s in-
fluenceis thenreducedo:

1. computinga functionof 3D spacewithin theganglion
basedon the distribution of varicositiesn eachprepa-
ration.

2. combiningthesemultiple functionsto form a single,
overall influencefunction (by summationfor exam-

ple).

The metadatassociatedvith the responsenapcompu-
tationis:



Name ‘* Conput e Response Map’’
Description ‘‘Estinmate overall
response to a stimulus’’
Arguments 2
ArgTypes arg0: preparationList
argl: userReal
ArgDesignators arg0: none
argl: ‘‘Direction’’
Returnype ResponseMap
Handle referenceo thefunctor

The argumentto this functor is a list of one or more
preparationg&nda numberfor which the useris prompted
(stimuluswind direction);afterthe WSO performsits argu-
mentchecking the handlesarepassedo the UIC andthen
ontotheWS. Theresponsenapfunctoris composef five
simpleroperationg11]:

1. Find composite3DAlignmens which producea com-
mon spacefor a setof preparationsand apply them,
producinga setof alignedpreparations.

2. For asingleVaricositySetcomputea synapticdensity
field. Thisis doneby iteratingthroughthe varicosi-
ties,computingits contritution to the overallfield (as
a gaussiarfunction of the spheres surfacearea),and
summingtheindividual contritutions. This produces
SynapticDensityield object.

3. ForasinglePreparation, computdts responséo wind
blowing in a particulardirection.

4. For a single SynapticDensityield, computea func-
tional transformationby multiplying the field values
by a constantproducinga ResponseMap

5. Sumasetof ResponseMagproducinga new one.

Theseare sequencedty the WC. One particularoperation
thatis likely to fail is numberl, if no compositealign-

mentcanbefound(viaaminimumspanningreealgorithm)
thatbringsall preparationsnto the samespace.This fail-

urewould bereportedto the UIC, andthe userwould need
to do additionalalignmentsheforetrying again. Assuming
successthe WC would return metadatéfor the final Re-
sponseMapand perhapssomeof the intermediateobjects
produced(whetherthe intermediateobjectsare temporary
or notis animplementationssueto be consideredor algo-
rithm efficiency).

Note that thesefive simpleroperationamight be utility
functionsknown only to the WS, or they mightbefunctors.
The latter capability— compositionof functorsinto more
comple operationgaswith the STL functor adaptors)—
is atthe heartof the METAL 0GOS extension.

4. METALoGOs and the Application of Do-
main Knowledge

A follow-on to the LoGos projectis METALOGOS, a
systemwhich addsdomainknowledge so that usersmay
pose system-lgel queriesand receve responsest that
level. For example,researchersftendesireto think notin
termsof particularcellsin particularindividuals,but rather
a particularclassof cells. We may know thatall sensory
cells connectedo a particularregion of the sensoryorgan
have velocity tuningcurveswith peaksensitvities for high-
speedair motion. Thoseconnectedo otherregionsmight
have muchlower peaksensitvities. A corvenientcateyo-
rizationmightbe“f ast”versus'slow”, andwe mightassign
asensoryneurono onecateyory or anotheibasedntuning
data,if presenbr calculablefrom physiologicaldata,or lo-
cationof its connectionif only anatomicatlatais available.
Thus,onetypeof domainknowledgeusedoy METAL 0GOS
is categorical or taxonomic Cateyories may be entered
manually and thus attributed to an individual person,or
computedrom statisticalclusteranalysis.

Domainknowledgealsoincludesknowledgeof the con-
sequencesf variousalgorithms for instancenow comput-
ing a synapticdensityfield establishes mappingbetween
singlecellsin individual animalsandeither“typical” cells
of thattype or cell systems Knowledgeaboutdataobjects
or functorswould be storedin their associatednetadata,
and would start with codifying the information currently
containedn stringsin amachine-usabléormat.

Thebasicflow of processingn METALOGOS is:

1. Acceptsystems-leel query

2. Usedomainknowledgeto mapsystems-leel queryto
a dataflav diagram,startingwith queriesof existing
baseandderived dataand using available functorsto
producea resultthatis a responséo the query If no
suchdataflav programcanbe determinedary partial
diagramsshouldbe reportedalongwith failureto the
userinterface,so the experimentercan either modify
the query modify the dataflav diagram,or add addi-
tional domainknowledge.

3. Otherwise,passdataflav programto commandand
displayinterfacefor execution.

4. Returnresultto userinterface.

METAL 0GOS is also meantto deal more thoroughly
with issuessuchasattribution of sourcedor data,etc. This
is to someextentanextensionof trackingerrorpropagation
throughcalculationsijn this casejndividual usersvould be
ableto assignlevels of “trustworthiness’to others,andthe
systemwill computea reasonablestimateof the trustwor-
thinessof its results,basedon who originatedthe knowl-



edgeit used. Ideally, METAL 0GOS would include — ei-
ther as part of its databaser via interfaceor broker pro-
grams— links betweendataandthe publicationsthat use
them. This would provide both a mechanisnfor making
the datauponwhich a publicationis basedpublic andthe
meandor otherinvestigatordo easilyexaminethedataand
algorithmsusedby othersto draw their conclusionsper
hapsusingones own dataastests.

5. Discussion

Moving neuroinformaticsheyond the stageof merely
producingenhancedile systemsor electronicanatomical
atlasess a difficult task. Successfubystemswill require
architectswho are comfortablein both the biological and
computerdomains,aswell asclosecollaborationwith ac-
tive biology researchersThoughonewould not expectto
have solutionsto the large numberof userinterface,visu-
alization, databaseknowledgerepresentationetc. prob-
lemsa priori, the systemgproducedshouldbe usefuleven
in their infang. This implies a decompositiorof the de-
signinto componentsvhich areasindependenfrom each
otheraspractical.Sinceary initial dataschemasvill evolve
andgrow considerablyover the systems life cycle, its ini-
tial designshouldallow this and,asfar aspossible foresee
possibleareasof change. The systemshouldalsohave at
leastanelemenibf “the visionthing”: anultimategoalthat
will improvebothin depthandbreadththeresearciprocess
itself.

6. Implementation Status

As of the dateof this writing, componentf the user
interface(viewer/manipulatarwwSO) andworkspacgWC,
WM) have beenprototyped.Theseprototypesarecurrently
beingmodifiedfrom stand-alonegstversions.Theremain-
ing Ul andWS modulesarein the detaileddesignandcod-
ing stageswe expectthe Ul andWS to befully functional
andintegratedtogethershortly Datamanageimplementa-
tion awaitsacquisitionof the ObjectStoreODBMS.
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