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ABSTRACT

Humans use analogiesto communicate,reason,and learn. But while the human brain excels at creating and
understandin@nalogiesjt doesnot easilyrecall usefulanalogiescreatedor learnedovertime. Generalpurposetools
andmethodsare neededhat assisthumansin representingstoring, andrecallingusefulanalogies Additionally, such

tools musttake advantagef the World Wide Web'subiquity, global reach,and universalstandards.We first identify
commonly occurring patternsof analogystructure. Becauseunderstandingf instructionalanalogiesis significantly
improvedwhentheir structureis visualized we developa compaciandgenerarepresentatiofor analogiesusingXML,

and demonstrate general methods for visualizing the structure of analogy expressions in Web-based environments.
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1. INTRODUCTION

Humansuseanalogiego communicatereasonandlearn. Analogiesarewidely usedwhen explaining
ideas, especiallyin instructional contexts. Using analogiesis “one of the core processe®f cognition”
[Forbus 2001],andmaybethe primary procesof all cognitionandcommunicatiorfHofstadtey 2001]. An
analogyis a perceptionthat two different objectsor situationsaresimilar at someabstracievel. Analogies
mapthestructureof existingknowledgeto newsituationg{Gentner,1983]. For example ErnestRutherford
in 1910proposedhat an unfamiliar idea—thestructureof the atom, is like the structureof a presumably
familiar object—thesolarsystemBohr, 1922][Gentner1983].In this examplethe atomis referredto asthe
targetdomainof the analogyandthe solarsystemis referredto asthe sourcedomain.This analogyenables
us to map what we currently know about the source domain—the solar system'sparts and their
interrelationsto the targetdomain—thepartsof the atom, allowing us to makeinferencesand predictions
and to form hypotheses about the target domain.

Analogiespervadeall humancommunicationand learning. They occurin an extraordinaryscopeand
variety, rangingfrom the simplestratio form, “handis to armasfoot is to leg,” throughextendecdanalogical
essaysexplaining that a computeris like a brain [von Neumann 1958], the Internet economyis like
England'srailroad boom of the 1800s[Arthur, 2002], and the mind of an autistic personis like a Web
browser[Grandin,2000]. We suggesthe needfor a mechanisnto representyisualize,retrieve,and share
such human-generatednalogiesin a structuredand globally accessibleform. We thereforedevelopa
compactand generalrepresentatiorfor analogiesthat supportstheir expressionand visualization using
standardVeb-basedechnologies.We demonstraté¢he ability of this representatioto expressawide range
of simple and complexhuman-generatednalogiesrom diverseknowledgedomains,andwe demonstrate
general Web-basednethodsandtools for visualizing theserepresentation assistin understandingheir
components, structure, and meaning.

Analogy researchis focusedon several basic and overlapping areas—understandinthe cognitive
processe®f analogicalreasonindHofstadter,1995][Marshall,1999][Gentney 1989], computersimulation
of analogicareasonindFrench,1995][ForbusGentnerandLaw, 1995],andusinganalogiesn educational
settings[Glynn, 1997][Schank 2000][Paris,2000]. While this researchhasyielded greatinsight into the
cognitivefoundationof analogicalreasoningijt is often limited to relatively small, well-defined,andeasily



representedireasof knowledgeknown as microdomains. CopyCat[Hofstadterand Mitchell, 1994] and
TableTopFrench,1995]areexamplesof this approach.As notedin [Forbus,2001],suchsystemgepresent
andtestlimited forms of analogy-relatedasks,andsuchsystems'‘cannotpossiblyscaleto handlethe kinds

of cognitive processinghat humanbeingsclearly do.” Our work is focusedon representingand using
human-generated analogies rather than in the area of Artificial Intelligence (Al) where computers are used to
discover analogies.

2. THE COMPONENTS AND STRUCTURE OF ANALOGIES

Analogiesarecorrespondencmapsbetweenhe respectivecomponent@andstructuref a sourceanda
target. Therearethreewaysin which the perceptionf objectsor collectionsof objectsmay be placedin
correspondencgCollins and Burstein 1989]. The simplesttype of perceivedcorrespondenceés that of
properties. Two objectsmay appearto havethe samecolor, shapeor size,for example. Anothertype of
perceivedcorrespondencés that of concepts. Two collectionsof objectsmay have the objectspaired
accordingto the perceivedconceptgepresentethy the objects. For examplewhenexplainingthe structure
of theatomto a sciencestudentusing Rutherford'sanalogy,we mapthe conceptf nucleusandsun The
third type of perceivedcorrespondencis systencorrespondenceaalsocalledsystematicityGentner,1983].
In this type of correspondencehe relationsamongobjectsin the targetdomainare mappedto similar or
identical relationsin the sourcedomain. Using the atom exampleagain,the electronis saidto orbit the
nucleusas a planetrevolvesaroundthe sun. Orbit and revolve are the respectiverelations betweenthe
componentof the atom and the componentf the solar system;explaining atomic structureusing an
analogyto thesolarsystemplacestheserelationsin correspondenceWe usethesecorrespondencipesto
defineananalogyasa collectionof correspondenceaps The systematicityprinciple additionallyspecifies
that analogiesmust preservehigher order relations such as causalityand implication when mappingthe
component®f the sourceto thoseof the target.Using the Rutherfordanalogy,we canform a hypothesis
thatelectricalattractioncauseghe electronto orbit the nucleusin the sameway thatgravitationalattraction
causeshe planetto revolve aroundthe sun[Wilson, et al., 2001]. Thatis, the analogypreservesn the
target the higher ordeausalrelationship perceived in the source.

3. REPRESENTING ANALOGIES

Analogies are collections @brrespondence maetween the respective components and structures in a
targetand sourcedomain. The basic componentf an analogy are conceptstheir properties,and the
relationsamongthe concepts. The definition of conceptdepend®n the contextfor its use. A conceptmay
be viewedasa setof instanceor examplesalongwith categorizatiomulesfor determiningsetmembership
[Tecuci1998]. [ISO, 1990] definesa conceptas“a unit of thoughtconstitutedthroughabstractionon the
basisof propertiescommonto a setof objects.”For the researctpresentedere,we requirean operational
definition of conceptthat providesrepresentationahnd programmaticsimplicity for both developersand
especiallyfor contentauthorswho arenot expertat semanticandword ontologies. We thereforerepresent
a conceptasthe word or phrasea contentauthorchoosedo describethe concept. The baseform of the
word canthenbe usedasa key to interfacewith lexical databasesuchasWordNet[WordNet, 2001], with
conceptuapraphtools suchasWebKB [Martin andEcklund,1999], or with automatednalogicareasoning
tools. Typically, conceptsare expressedis nouns,propertiesas adjectives,andrelationsas verbsor verb
phrases.So,for example glectrical attraction, electron,andnucleusarebasicconceptf atomicstructure.
The propertiedight andheavymay be appliedto the electronandnucleus respectively andthe verb orbits
describesthe hypothesizedelation betweenthe electronand the nucleus. Figure 1 showstabularand
graphical representation®f the componentmaps of the Rutherford atom analogy example,and also
indicates the higher ordeausal relation preserved in the target and source domains.

We now define an analogyexpressioras a brief textual descriptionof the targetdomainfollowed by a
descriptionof the sourcedomainfollowed by zero or more mapsbetweensimilar analogystructuresn the
targetandsourcedomains. A formal definition may be found at the authorsWebsite [Foxwell, 2002]. We
identify five common types of analogy structures that can occur either in the target or source domains:



1. ConceptSet a set of one of more concepts

2. PrimaryRelationStructure : two ConceptSets associated by zero or more Relations

3. ConceptToRelationStructure a ConceptSet associated by zero or more Relations to a
PrimaryRelationStructure

4. RelationToConceptStructure a PrimaryRelationStructure associated by zero or more Relations to
a ConceptSet

5. RelationToRelationStructure: two PrimaryRelationStructures associated by zero or more
Relations.

Therearethusfive typesof maps,which mapa structure(e.g., PrimaryRelationStructurah the target
domainto a structureof the sametype in the sourcedomain. So, the Rutherfordanalogy of Fig. 1 is
composeaf a mapthatmapsthe ConceptToRelationStructufelectricalattraction,causes(electron,orbit,
nucleus))in the targetdomainto the ConceptToRelationStructufgravitationalattraction,causes(planet,
revolve, sun)) in the source domain.

We now use this definition of analogiesto createan XML contentmodel [W3C, 2000] for analogy
expressionsas shownin Figure 2. Our Analogy ExpressionDTD definesan XML contentmodel for
expressinganalogiesas collections of analogy componentmaps. The design of a representatiorfor
analogiesmust meet severalgeneralcriteria and must also meet the needsof contentauthors,content
users/readergnddevelopers.A representatioins a symbolic surrogatefor an objectthat facilitateshuman
expressioraboutthe objectand servesas a mediumfor computationswith that object[Sowg 2000]. We
thereforedistinguishbetweenan analogy— the perceptionof sameness- and an analogyexpression- the
representationf thatperception. Our goalis to definea symbolicrepresentatiof analogieghat captures
the scopeand variety of human-generatednalogies. Becausethe term "analogy" hasa broad rangeof
interpretationspur representatioust reflect both the "commonusage”of the term, aswell asthe more
formal usagein researchfields such as Cognitive Science, Artificial Intelligence, and Education.
Specifically,it mustbe ableto expressoth simplesimilarity of propertiesandconceptsandmustpreserve
relational structuresthat are the core of analogy perceptions[Gentner, 1983]. Becauseanalogiesare
rememberedreused,and extendedover time to generatenew inferences[Hofstadter,2001][Keaneand
Costello, 2001], our representation must also be extendable. That is, it must be flexible enough to permit the
addition of new analogy components as needed by the author, user, or developer.

Authorsof instructionalor explanatorycontentfrequentlyuseanalogiego assistthe studentor readerin
understandingiew ideas. An analogyrepresentatiomustthereforebe compactyet expressiveenoughto
allow the authorto recordthe key component®f the analogy. In our analogyexpressionye thereforeuse
simplewordsandshortphrasessexpressionprimitives” alongwith expressionshatdescribethe structure
of therelationsamongthe primitives. Becausave useXML to defineanalogyexpressionsauthorscanuse
XML editors or other tools to assist them in producing valid XML files.

We want to provide accessto analogyexpressionsising familiar, Web-basedools and technologies
such as browsers. Moreover, we needto separatethe representatiorof the structureof the analogy
expressiorfrom its visualization. XML wasdesignedspecificallyfor this purposeallowing multiple forms
of visualization based on a common expression.

Researchersieed programmaticaccessto knowledge expressionsin order to store, retrieve, and
manipulatethem. The useof XML enablesdeveloperdo accessanalogyexpressionsisingstandardWeb
programmingtools and methodssuchas XML parsers XSLT stylesheet§W3C, 2001a]and processors,
JavaprogramsHTML, and SVG [W3C, 2001c]to visualizetheseexpressionsn a variety of forms. Our
representationis implementedas an XML DTD (DocumentType Definition), permitting a compact,
common format for describing, searching, and transforming analogy expressions.

Terminology used to describethe componentsand structure of analogiesshould be compactyet
descriptive. In designingthe DTD we stressthe distinctionbetweenthe targetdomaincomponentandthe
sourcedomaincomponentsy giving them separatebut similar names. We also observethatin orderto
map only identical analogystructureswe must enumeratehe possiblestructuresratherthan using more
compact element definitions that would allow mapping of unlike components.

Knowledge representationslefined using XML may be expressedusing either Schemasor DTDs.
Schemagrovide for strong datatyping, explicit cardinality controls,and constraintson attribute values
[W3C, 2001b]. Forrepresentationthat do not requirestrongdatatyping or cardinalitycontrols,DTDs are
sufficient [Mertz, 2001]. Becauseanalogyexpressiongliscussedn this documentconsistexclusively of



text-basecelementswith any numberof repeateccomponentsa DTD was developed. The DTD may be
easily converted to a Schema if necessary [Koike, 2000].

4VISUALIZING ANALOGIES

An analogycan be understoodwvhenthe personhearingor readingit knows somethingaboutthe source
domainandcanobserveandmapthe component®f the sourceto the targetdomain. Understandingf the
analogyis significantly improvedwhenthe relationalstructuregpresenin theanalogycanbevisualizedin a
tabularor graphicalform [Paris,2000]. We havedefineda generalrepresentatiocapableof expressinga
wide rangeof analogiesfrom diversedomains,from the natural sciencedo history to computerscience,
using our DTD. Examplescan be found on the author'sWeb site [Foxwell, 2002]. We can now use
standardWeb-basedechnologiessuch as browsersand XSLT to creategeneralmethodsfor visualizing
analogyexpressions.For example,we developeda generalXSLT stylesheefFoxwell, 2002] to produce
HTML tablesthat showthe analogycomponentstructureand maps,similar to the format of the tablein
Figurela. This stylesheetonstructanHTML tablerepresentationf the componentandstructureof any
analogyexpressionthat usesour DTD. A modified version of this stylesheetconstructsHTML query
stringslinking the conceptdn thevisualizationto ontologysitessuchasWordNetor WebKB. Otherforms
of visualizationarepossible,we developed secondstylesheethatproducesan SVG graphicrepresentation
of theanalogycomponents Figure 1b showsthis visualizationdisplayedn the Mozilla browser.Additional
examples and visualizations may be found at the authors' Web site [Foxwell, 2002].

Mozilla {Build 1D: 2002030111} MI
_[ % (Untitied) 1 =3
Analogy Visualization: Rutherford.xml
Click Here for Help Target Source
Analogy Atomic Structure Solar System
Component Diarmzin = Prysics Dormain = Astronany
electrical attraction | gravitational attraction
causas causas
electron | planet
ConceptToRelation + small « small
Structureiiap * light « light
orbit revolre
nucleus sun
* large « large
* heavy | « heavy
Docurnert Done (0 149 secs) == gl
Figure 1a. Tabular HTML visualization of Rutherford Figure 1b. Graphical SVG visualization of Rutherford
analogy rendered in Mozilla. analogy rendered in Mozilla.

5. CONCLUDING REMARKS

Our currentresearchs focusedon integratingour analogyrepresentatioandvisualizationinto a Web-
basedsystemfor storing and retrieving analogiesgeneratecdby humans. We expectsucha systemto be
usefulin instructionalsettingsandin any explanatorywriting and presentationshatuseanalogies.We are
alsodesigninga prototypelearningenvironmenthat searche$or analogieghatare“similar” to ananalogy
in questionand presentghemto the learner,rankedby a relevancemeasure. Interestingresearchissues
include the definition of analogicalsimilarity, the designof fast and efficient retrieval mechanismsgor the
retrieval of analogiesin large Web-basedcollectionsof analogiesrepresentedn XML, andthe designof
useful relevance metrics.



K!-- AnalogyExpression.dtd, Copyright 2002 by Harry J. Foxwell and Daniel A. Menasce -->
K!-- http://cs.gmu.edu/~hfoxwell/ ARV/Docs/AnalogyExpression.dtd -->
<IELEMENT Analogy (TargetDescription, SourceDescription, Map* )>

<IELEMENT Map (ConceptSetMap* | PrimaryRelationStructureMap* | ConceptToRelationStructureMap* |
RelationToConceptStructureMap* | RelationToRelationStructureMap* )>

<IELEMENT ConceptSetMap (TargetConceptSet, SourceConceptSet )>
KIATTLIST ConceptSetMap MapLabel CDATA #IMPLIED >

<IELEMENT PrimaryRelationStructureMap (TargetPrimaryRelationStructure,
ISourcePrimaryRelationStructure )>

KIATTLIST PrimaryRelationStructureMap MapLabel CDATA #IMPLIED >

<IELEMENT ConceptToRelationStructureMap (TargetConceptToRelationStructure,
ISourceConceptToRelationStructure )>

KIATTLIST ConceptToRelationStructureMap MapLabel CDATA #IMPLIED >

<IELEMENT RelationToConceptStructureMap (TargetRelationToConceptStructure,
ISourceRelationToConceptStructure )>

KIATTLIST RelationToConceptStructureMap MapLabel CDATA #IMPLIED >

<IELEMENT RelationToRelationStructureMap (TargetRelationToRelationStructure,
ISourceRelationToRelationStructure )>

KIATTLIST RelationToRelationStructureMap MapLabel CDATA #IMPLIED >

<IELEMENT TargetConceptSet (Concept+ )>

<IELEMENT TargetPrimaryRelationStructure (ConceptSet, Relation*, ConceptSet )>

<IELEMENT TargetConceptToRelationStructure (ConceptSet, Relation*, PrimaryRelationStructure )>
<IELEMENT TargetRelationToConceptStructure (PrimaryRelationStructure, Relation*, ConceptSet )>

<IELEMENT TargetRelationToRelationStructure (PrimaryRelationStructure, Relation*,
PrimaryRelationStructure )>

<IELEMENT SourceConceptSet (Concept+ )>

<IELEMENT SourcePrimaryRelationStructure (ConceptSet, Relation*, ConceptSet )>

<IELEMENT SourceConceptToRelationStructure (ConceptSet, Relation*, PrimaryRelationStructure )>
<IELEMENT SourceRelationToConceptStructure (PrimaryRelationStructure, Relation*, ConceptSet )>

<IELEMENT SourceRelationToRelationStructure (PrimaryRelationStructure, Relation*,
PrimaryRelationStructure )>

<IELEMENT PrimaryRelationStructure (ConceptSet, Relation*, ConceptSet )>
<IELEMENT ConceptSet (Concept+ )>

<IELEMENT TargetDescription (#PCDATA )>

KIATTLIST TargetDescription Domain CDATA #IMPLIED >

<IELEMENT SourceDescription (#PCDATA )>

KIATTLIST SourceDescription Domain CDATA #IMPLIED >

<IELEMENT Concept (ConceptDescription, Property* )>

<IELEMENT ConceptDescription (#PCDATA )>

KIELEMENT Property (#PCDATA )>

KIELEMENT Relation (#PCDATA )>

Figure 2. The Analogy Expression DTD
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