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ABSTRACT

Humans use analogiesto communicate,reason,and learn. But while the human brain excels at creating and
understandinganalogies,it doesnot easilyrecall usefulanalogiescreatedor learnedover time. Generalpurposetools
andmethodsareneededthat assisthumansin representing,storing,andrecallingusefulanalogies.Additionally, such
tools musttakeadvantageof theWorld Wide Web'subiquity, global reach,anduniversalstandards.We first identify
commonlyoccurringpatternsof analogystructure. Becauseunderstandingof instructionalanalogiesis significantly
improvedwhentheir structureis visualized,we developacompactandgeneralrepresentationfor analogiesusingXML,
and demonstrate general methods for visualizing the structure of analogy expressions in Web-based environments.
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1. INTRODUCTION

Humansuseanalogiesto communicate,reason,andlearn. Analogiesarewidely usedwhenexplaining
ideas,especiallyin instructionalcontexts. Using analogiesis “one of the core processesof cognition”
[Forbus, 2001],andmaybetheprimaryprocessof all cognitionandcommunication[Hofstadter, 2001]. An
analogyis a perceptionthat two differentobjectsor situationsaresimilar at someabstractlevel. Analogies
mapthestructureof existingknowledgeto newsituations[Gentner,1983]. For example,ErnestRutherford
in 1910proposedthat an unfamiliar idea—thestructureof the atom,is like the structureof a presumably
familiar object—thesolarsystem[Bohr, 1922][Gentner,1983].In this exampletheatomis referredto asthe
targetdomainof theanalogyandthesolarsystemis referredto asthesourcedomain.This analogyenables
us to map what we currently know about the source domain—the solar system'sparts and their
interrelations,to the targetdomain—thepartsof the atom,allowing us to makeinferencesandpredictions
and to form hypotheses about the target domain.

Analogiespervadeall humancommunicationand learning. They occur in an extraordinaryscopeand
variety,rangingfrom thesimplestratio form, “handis to armasfoot is to leg,” throughextendedanalogical
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 suggesttheneedfor a mechanismto represent,visualize,retrieve,andshare
such human-generatedanalogiesin a structuredand globally accessibleform. We thereforedevelopa
compactand generalrepresentationfor analogiesthat supportstheir expressionand visualizationusing
standardWeb-basedtechnologies.Wedemonstratetheability of this representationto expressawide range
of simpleandcomplexhuman-generatedanalogiesfrom diverseknowledgedomains,andwe demonstrate
general,Web-basedmethodsandtools for visualizingtheserepresentationsto assistin understandingtheir
components, structure, and meaning. 

Analogy researchis focusedon several basic and overlapping areas—understandingthe cognitive
processesof analogicalreasoning[Hofstadter,1995][Marshall,1999][Gentner, 1989],computersimulation
of analogicalreasoning[French,1995][Forbus,Gentner,andLaw, 1995],andusinganalogiesin educational
settings[Glynn, 1997][Schank, 2000][Paris,2000]. While this researchhasyielded great insight into the
cognitivefoundationof analogicalreasoning,it is often limited to relatively small,well-defined,andeasily



representedareasof knowledgeknown as microdomains. CopyCat[Hofstadterand Mitchell, 1994] and
TableTop[French,1995]areexamplesof thisapproach.As notedin [Forbus,2001],suchsystemsrepresent
andtestlimited formsof analogy-relatedtasks,andsuchsystems“cannotpossiblyscaleto handlethekinds
of cognitive processingthat humanbeingsclearly do.” Our work is focusedon representingand using
human-generated analogies rather than in the area of Artificial Intelligence (AI) where computers are used to
discover analogies.

2. THE COMPONENTS AND STRUCTURE OF ANALOGIES

Analogiesarecorrespondencemapsbetweentherespectivecomponentsandstructuresof a sourceanda
target. Therearethreewaysin which theperceptionsof objectsor collectionsof objectsmaybe placedin
correspondence[Collins and Burstein, 1989]. The simplesttype of perceivedcorrespondenceis that of
properties. Two objectsmay appearto havethe samecolor, shape,or size,for example. Anothertype of
perceivedcorrespondenceis that of concepts. Two collectionsof objectsmay have the objectspaired
accordingto theperceivedconceptsrepresentedby theobjects. For example,whenexplainingthestructure
of theatomto a sciencestudentusingRutherford'sanalogy,we maptheconceptsof nucleusandsun. The
third typeof perceivedcorrespondenceis systemcorrespondence, alsocalledsystematicity[Gentner,1983].
In this type of correspondence,the relationsamongobjectsin the targetdomainare mappedto similar or
identical relationsin the sourcedomain. Using the atom exampleagain,the electronis said to orbit the
nucleusas a planetrevolvesaroundthe sun. Orbit and revolveare the respectiverelationsbetweenthe
componentsof the atom and the componentsof the solar system;explaining atomic structureusing an
analogyto thesolarsystemplacestheserelationsin correspondence.We usethesecorrespondencetypesto
defineananalogyasacollectionof correspondencemaps. Thesystematicityprincipleadditionallyspecifies
that analogiesmust preservehigher order relations suchas causalityand implication when mappingthe
componentsof the sourceto thoseof the target.Using the Rutherfordanalogy,we canform a hypothesis
thatelectricalattractioncausestheelectronto orbit thenucleusin thesameway thatgravitationalattraction
causesthe planet to revolve aroundthe sun [Wilson, et al., 2001]. That is, the analogypreservesin the
target the higher order causal relationship perceived in the source.

3. REPRESENTING ANALOGIES

Analogies are collections of correspondence maps between the respective components and structures in a
target and sourcedomain. The basic componentsof an analogyare concepts,their properties,and the
relationsamongtheconcepts.Thedefinition of conceptdependson thecontextfor its use. A conceptmay
beviewedasa setof instancesor examplesalongwith categorizationrulesfor determiningsetmembership
[Tecuci1998]. [ISO, 1990] definesa conceptas“a unit of thoughtconstitutedthroughabstractionon the
basisof propertiescommonto a setof objects.”For the researchpresentedhere,we requireanoperational
definition of conceptthat providesrepresentationaland programmaticsimplicity for both developersand
especiallyfor contentauthorswho arenot expertat semanticsandword ontologies. We thereforerepresent
a conceptasthe word or phrasea contentauthorchoosesto describethe concept. The baseform of the
word canthenbeusedasa key to interfacewith lexical databasessuchasWordNet[WordNet,2001], with
conceptualgraphtoolssuchasWebKB [Martin andEcklund,1999],or with automatedanalogicalreasoning
tools. Typically, conceptsareexpressedas nouns,propertiesasadjectives,andrelationsasverbsor verb
phrases.So,for example,electrical attraction, electron,andnucleusarebasicconceptsof atomicstructure.
Thepropertieslight andheavymaybeappliedto theelectronandnucleus,respectively,andtheverborbits
describesthe hypothesizedrelation betweenthe electronand the nucleus. Figure 1 showstabular and
graphical representationsof the componentmaps of the Rutherford atom analogy example,and also
indicates the higher order causal  relation preserved in the target and source domains.

We now definean analogyexpressionasa brief textualdescriptionof the targetdomainfollowed by a
descriptionof thesourcedomainfollowed by zeroor moremapsbetweensimilar analogystructuresin the
targetandsourcedomains.A formal definition maybefoundat theauthors'Website [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.

Thereare thusfive typesof maps,which mapa structure(e.g.,PrimaryRelationStructure)in the target
domain to a structureof the sametype in the sourcedomain.So, the Rutherfordanalogyof Fig. 1 is
composedof a mapthatmapstheConceptToRelationStructure(electricalattraction,causes,(electron,orbit,
nucleus))in the targetdomainto the ConceptToRelationStructure(gravitationalattraction,causes,(planet,
revolve, sun)) in the source domain. 

We now use this definition of analogiesto createan XML contentmodel [W3C, 2000] for analogy
expressions,as shown in Figure 2. Our Analogy ExpressionDTD definesan XML contentmodel for
expressinganalogiesas collections of analogy componentmaps. The design of a representationfor
analogiesmust meet severalgeneralcriteria and must also meet the needsof contentauthors,content
users/readers,anddevelopers.A representationis a symbolicsurrogatefor anobjectthat facilitateshuman
expressionaboutthe objectand servesasa mediumfor computationswith that object [Sowa, 2000]. We
thereforedistinguishbetweenan analogy– the perceptionof sameness– andan analogyexpression– the
representationof thatperception.Our goal is to definea symbolicrepresentationof analogiesthat captures
the scopeand variety of human-generatedanalogies. Becausethe term "analogy" hasa broadrangeof
interpretations,our representationmust reflect both the "commonusage"of the term, aswell asthe more
formal usage in research fields such as Cognitive Science, Artificial Intelligence, and Education.
Specifically,it mustbeableto expressbothsimplesimilarity of propertiesandconcepts,andmustpreserve
relational structuresthat are the core of analogy perceptions[Gentner, 1983]. Becauseanalogiesare
remembered,reused,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 explanatorycontentfrequentlyuseanalogiesto assistthestudentor readerin
understandingnew ideas. An analogyrepresentationmust thereforebe compactyet expressiveenoughto
allow theauthorto recordthekey componentsof theanalogy. In our analogyexpression,we thereforeuse
simplewordsandshortphrasesasexpression"primitives" alongwith expressionsthatdescribethestructure
of therelationsamongtheprimitives. Becausewe useXML to defineanalogyexpressions,authorscanuse
XML editors or other tools to assist them in producing valid XML files.  

We want to provide accessto analogyexpressionsusing familiar, Web-basedtools and technologies
such as browsers. Moreover, we need to separatethe representationof the structureof the analogy
expressionfrom its visualization. XML wasdesignedspecificallyfor this purpose,allowing multiple forms
of visualization based on a common expression.

Researchersneed programmaticaccessto knowledge expressionsin order to store, retrieve, and
manipulatethem. Theuseof XML enablesdevelopersto accessanalogyexpressionsusingstandard,Web
programmingtools and methodssuchas XML parsers,XSLT stylesheets[W3C, 2001a]and processors,
Javaprograms,HTML, andSVG [W3C, 2001c]to visualizetheseexpressionsin 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 structureof analogiesshould be compact yet
descriptive. In designingtheDTD we stressthedistinctionbetweenthe targetdomaincomponentsandthe
sourcedomaincomponentsby giving themseparatebut similar names. We also observethat in order to
map only identical analogystructures,we must enumeratethe possiblestructuresrather than using more
compact element definitions that would allow mapping of unlike components.  

Knowledge representationsdefined using XML may be expressedusing either Schemasor DTDs.
Schemasprovide for strongdata typing, explicit cardinality controls,and constraintson attribute values
[W3C, 2001b]. For representationsthat do not requirestrongdatatyping or cardinalitycontrols,DTDs are
sufficient [Mertz, 2001]. Becauseanalogyexpressionsdiscussedin this documentconsistexclusivelyof



text-basedelementswith any numberof repeatedcomponents,a DTD wasdeveloped. The DTD may be
easily converted to a Schema if necessary [Koike, 2000].

4.VISUALIZING ANALOGIES

An analogycan be understoodwhen the personhearingor readingit knows somethingaboutthe source
domainandcanobserveandmapthecomponentsof thesourceto the targetdomain. Understandingof the
analogyis significantly improvedwhentherelationalstructurespresentin theanalogycanbevisualizedin a
tabularor graphicalform [Paris,2000]. We havedefineda generalrepresentationcapableof expressinga
wide rangeof analogiesfrom diversedomains,from the naturalsciencesto history to computerscience,
using our DTD. Examplescan be found on the author'sWeb site [Foxwell, 2002]. We can now use
standardWeb-basedtechnologiessuchas browsersand XSLT to creategeneralmethodsfor visualizing
analogyexpressions.For example,we developeda generalXSLT stylesheet[Foxwell, 2002] to produce
HTML tablesthat show the analogycomponentstructureand maps,similar to the format of the table in
Figure1a. This stylesheetconstructsanHTML tablerepresentationof thecomponentsandstructureof any
analogyexpressionthat usesour DTD. A modified version of this stylesheetconstructsHTML query
stringslinking theconceptsin thevisualizationto ontologysitessuchasWordNetor WebKB. Otherforms
of visualizationarepossible;we developeda secondstylesheetthatproducesanSVG graphicrepresentation
of theanalogycomponents.Figure1bshowsthisvisualizationdisplayedin theMozilla browser.Additional
examples and visualizations may be found at the authors' Web site [Foxwell, 2002].

Figure 1a. Tabular HTML visualization of Rutherford
analogy rendered in Mozilla.

Figure 1b. Graphical SVG visualization of Rutherford
analogy rendered in Mozilla.

5. CONCLUDING REMARKS

Our currentresearchis focusedon integratingour analogyrepresentationandvisualizationinto a Web-
basedsystemfor storing and retrievinganalogiesgeneratedby humans. We expectsucha systemto be
usefulin instructionalsettingsandin anyexplanatorywriting andpresentationsthatuseanalogies.We are
alsodesigninga prototypelearningenvironmentthat searchesfor analogiesthatare“similar” to ananalogy
in questionand presentsthemto the learner,rankedby a relevancemeasure. Interestingresearchissues
includethedefinition of analogicalsimilarity, the designof fast andefficient retrievalmechanismsfor the
retrievalof analogiesin largeWeb-basedcollectionsof analogiesrepresentedin XML, and the designof
useful relevance metrics. 



<!-- AnalogyExpression.dtd, Copyright 2002 by Harry J. Foxwell and Daniel A. Menasce -->

<!-- http://cs.gmu.edu/~hfoxwell/ARV/Docs/AnalogyExpression.dtd -->

<!ELEMENT Analogy (TargetDescription, SourceDescription, Map* )>

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

<!ELEMENT ConceptSetMap (TargetConceptSet, SourceConceptSet )>

<!ATTLIST ConceptSetMap MapLabel CDATA #IMPLIED >

<!ELEMENT PrimaryRelationStructureMap (TargetPrimaryRelationStructure,
SourcePrimaryRelationStructure )>

<!ATTLIST PrimaryRelationStructureMap MapLabel CDATA #IMPLIED >

<!ELEMENT ConceptToRelationStructureMap (TargetConceptToRelationStructure,
SourceConceptToRelationStructure )>

<!ATTLIST ConceptToRelationStructureMap MapLabel CDATA #IMPLIED >

<!ELEMENT RelationToConceptStructureMap (TargetRelationToConceptStructure,
SourceRelationToConceptStructure )>

<!ATTLIST RelationToConceptStructureMap MapLabel CDATA #IMPLIED >

<!ELEMENT RelationToRelationStructureMap (TargetRelationToRelationStructure,
SourceRelationToRelationStructure )>

<!ATTLIST RelationToRelationStructureMap MapLabel CDATA #IMPLIED >

<!ELEMENT TargetConceptSet (Concept+ )>

<!ELEMENT TargetPrimaryRelationStructure (ConceptSet, Relation*, ConceptSet )>

<!ELEMENT TargetConceptToRelationStructure (ConceptSet, Relation*, PrimaryRelationStructure )>

<!ELEMENT TargetRelationToConceptStructure (PrimaryRelationStructure, Relation*, ConceptSet )>

<!ELEMENT TargetRelationToRelationStructure (PrimaryRelationStructure, Relation*,
PrimaryRelationStructure )>

<!ELEMENT SourceConceptSet (Concept+ )>

<!ELEMENT SourcePrimaryRelationStructure (ConceptSet, Relation*, ConceptSet )>

<!ELEMENT SourceConceptToRelationStructure (ConceptSet, Relation*, PrimaryRelationStructure )>

<!ELEMENT SourceRelationToConceptStructure (PrimaryRelationStructure, Relation*, ConceptSet )>

<!ELEMENT SourceRelationToRelationStructure (PrimaryRelationStructure, Relation*,
PrimaryRelationStructure )>

<!ELEMENT PrimaryRelationStructure (ConceptSet, Relation*, ConceptSet )>

<!ELEMENT ConceptSet (Concept+ )>

<!ELEMENT TargetDescription (#PCDATA )>

<!ATTLIST TargetDescription Domain CDATA #IMPLIED >

<!ELEMENT SourceDescription (#PCDATA )>

<!ATTLIST SourceDescription Domain CDATA #IMPLIED >

<!ELEMENT Concept (ConceptDescription, Property* )>

<!ELEMENT ConceptDescription (#PCDATA )>

<!ELEMENT Property (#PCDATA )>

<!ELEMENT Relation (#PCDATA )>

Figure 2. The Analogy Expression DTD
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