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AFormalTheoryfbrPictorialRepresentations

YasuoNAKAYAMA

The田mofthispaperistoproposeab㎜altheory飴rpictodalrepresentations.Inour

dailylifbwetaH(aboutpoints,lines,andareasinamap.Todealwiththeseo切ects,lt

isconvenienttouseamereologicaHanguage;thislanguageisca藍led梅 ∫麗㎎1R{ψ 肥56η 一

鰯'oη 乙αη8醐8θ(NRL).Pictodalrepresentationsarealsoo切ectsintheworld;they

dif艶r仕omusualo切 ㏄tsonlythmughtheirrepresentingcharacter.Wecandenote,

therefbre,apictorialrepresentationbyusinganameanddefineafUnctionf穴)mitina

partoftheworld.Thisfunction,calledap㏄ject董vehmction,describeshowapictohaI

箪epresentationcorrespondstoapartofthewor豆d.Bygivingcertainconstraintson

pr(オectivefunctionswecanexp即essthe童ntendeduseofapictorialrepresentation.

Furthermore,combinationsofpr(オectivefUnctionsa頚edefined.Th孟stheorycanbeusedto

analyzeaspectmaps.InNRL,bothrepresentingandrepresentedlayerscanbedescribed.

Thistheoτyclarifiessemanticrelationsofpictorialrepresentationsandhelpstoanalyze

theindeterminacypmblem

1.Introduction

Today,thereisnosatisf哀ctorytheolyfbrpictorialrepresentations.Pratt(1993)attempts

todefinesemanticsfbrmaps,buthisundertakingisoverlyinfluencedbythetraditional

semantics.Prattunderstandsa飴 ㎜ 田semanticsbralanguageasatheorythatgivesthe

truthconditionsfbrexpressionsinthatlanguage。Heproposesasemantics{brmaps

accoKlinglothisconceptofsemantics.However,itisoddtσspeakofthetruthofmaps.

No㎜ally,weaskonlywhetheramapis.appropdate島rce疵ainuse.Therearealso

diflもrentmethodsfbrpr(オectionoftheleality.Theanswerfbrthequestion,which

projectionshou豆dbeusedfbramap,dependsonitsintendeduse.Exactpr(オectionisnot

alwaysneededandinsomecasesnGtdesirable.

Inthispaper,Iwouldliketoproposeanewtheoryfbrpictorialrepresentations.This

th・ ・鯉
.i・b・ ・ed・n醐 餌 雇R・ 脚 ・・脚 伽 伽8諺 ・9・(NRL)P・ ・P・ ・edbyN欲 ・y・m・

(1999),NRLisamereologicallanguageandcant【eatnotonlypoints,butalsolines

{mdareasaso切ects.Weconsiderpartsofapictodalrep顧esentationaso切ectsthat
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representapartofthereality.Inthispaper,aninterpretationofapictorialrepresentation

AfbrBisexplicatedasan両ectionffompartsofAinpartsofB,wherethisi功ection

p㈹seτvesthepart-wholerelation.Thisi興lectioniscalledapr(麺ect壼vefUnction.Usual

mapsandsketchesalsocontainsymbol量cexpressionsthatcanbeeasilyinterpreted.

Interpretationofsymbolsareconsideredasconstraintsonproperpr(オectivefunctionsthat

areintendedascoITectreadingsbythedesignerofthegivenpictorialrepresentation.

Pr(オectivefUnαionsa郵edescrib『dasfhnctionsw量 εhintheo切ectlanguage.There」 貿)㈹,

ckaracterizationsaboutthemcanbealsogivenwithinit;wecanta玉kaboutrepresenting

o切ects,represenεedo切ects,andar重sofrepresenIationwithinthiso切ectlanguage.

2.PictorialO切ectsandMereologicalO切ects

Whatareelementsofpictodalrepresentations?Wetalkaboutpoints,lines,{mdareasin

amap.Thismeans,notonlypointsbutalsolinesandareasarerefbrredtoaso切ects.

Todealwiththisontology,itisconvenienttouseamereologicalsystem.Recently,

mereologicalontologyhasbeenstudiedincontextofrepresentationofpluralandmass

oりlects(cf.Lのnning(1997)).Link(1998)describesacomprehensivepicωreofa

mereologicalsystembasedonanalgebraicsystem.Nakayama(1999)criticizesLink's

notionofabsoluteatomico句ectsandproposesanextensionalmereologicaltheoryin

whichindividualo司ectsaIeindividuatedbyuseofso就alp頭edicates.Whenpictodal

o切ectsonamaparegiven,wecanconstructmereologicalsumsofthem.Linesand

areascanbeconstructedin重hiswayasmereologicalsums.

Nakayama(1999)definesamereo監ogicaltheolybasedonBooleanalgebra(cf.

Appendix).BooieanalgebraentailsfUnctions∩,∪,2VOIV,ando国ectsφandσ.

Inclusion⊂.canbedefinedthroughthestipulationx⊂y…x∩y=x。Thepart-whole

・el・ti・n⊂,i・d・ 行・・dth…gh・ ⊂,y≡.(・ ⊂y〈 ・≠ φ)・Th・n・m… ぬ)[ψ(の]i・

definedasanamefbrthemaximalo切ect∬thatsatisfiestheconditionψ(の;∫ 醒η2(μ)

[ψ(麗)]iscalled配 εハ30108∫cα'5μ"1∫ho∫ ∫oだ φ θ5ψ'

Sortalpredicatesarepredicatesthatcanbe.usedfbrindividuationofo切ects;

``buiiding"
,``station",``lake",and``city"areexamplesofsortalpredicates.Byusinga

sortalpredicateF,relationsymbols``beingaF-partof"(⊂F),``beingaF-atomic

o切ect"(α'o配F),and"be孟ngaF-atom孟c-partof"(εF)canbedefinedasfbllows:

κ ⊂ 。y≡(Fω 〈F(y)〈 κ ⊂y).

(xisaF-partoflyげ κisF,yisF,and比isindudediny.)

α∫・襯,ω ≡(F(κ)〈 ∀ ・(・ ⊂ 。 κ → ・=κ)).
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(κisaF-atomico切ectげ κisFandcontainsnosmallerF-partinit.)

XεFy≡(α ∫0〃ZF(X)〈 κ ⊂Fy).

(κisaF-atomic-partofyげ κisaF-atomico切ectandxisaF-partofy.)

⊂FandεFexpresstwowenknownnotionsinAI-research.⊂FcorrespondstoIS-A

relationandεFcorrespondstoINSTANCE-OFrelation,wherethesetwonotionsare

relativizedbyasortalpredicate.ThisrelativizedIS-ArelationmightbeusefUIfbr

combinationofdiffbrentdomainknowledgeinordertoavoidinconsistencythatmightbe

generatedthroughacombination.FurthemloIe,thepart-wholerelation⊂ ρcorre3pondsto

thePART-OFrelationinsemanticnetworks.

Thenotionofcardinalityofo切ectscanberecursivelydefined(cf.Appendix>,When

asortalpledicateisapplicabletoo切6cts,theybecomecountablewith爬specttothe

predicate。 α参(κ 〉=πmeans,thecardinalityofxwithrespecttoFisπ,whereFisa

sortalpredicate.Byusingthisnodon,wecanexpress.astatementlike``therearefive

schoolsrepresentedonthismap"(cf.Section3).

B・ ・ed6・ 血 ・・elh・ ・d・ ・,N欲 ・y・m・(1999)devel・P・al㎝9・agecall・d物 鯛 」

肋 ㎎5θ 脚 伽 加 η8κ α8ε(NRL)inordertobmallyexpressmeaningsofsentenceswith

pluralandmasste㎜sandinordertodealwithpluralandmassanaphora.InNRL,

quantifiers,suchasα",御05ち η20彫 ∫肋 π π%qブ,canbedirectlyexpressedandNakayama

(1998a)proposestoextendNRLtoasystemofhypotheticalreasoning.

Itiseasytoshowthat⊂ ρisapartialorderingexceptφ(cfNakayama(1999)),

Because.⊂ ρistransitive,wecanderive``HamburgisacityinEurope"ffom``Hamburg

isacityinGemlany",providedthatwe㎞owthatGennanyisapartofEurope:

G一 ・y⊂pE卿 ・→(伽 伽 ㌍ ・。・㌍CITY〈 撫 配擁 ⊂,G・ 一y→ 伽 励 ・㎎

・・'㌍.c騨 伽伽 な ⊂・E卿 ・)・

C皿Yisusedhereasanamefbrthesumofa豆lcities,

Inthispaper,itwillbeshownthatNRLisuse血lnotonlyfbrsemanticdescriptionof

sentencesinnaturallanguages(cfNakayama(1999))butalsofbrsemanticdescriptionof

pictorialrepresentations.Aswewillseelater,NRLcanalsobeusedtocombinevisual

andve由ahn飴mation(c£section5).

3.PrqlectiveFunctionsf6rPictorialRepresen血dons

Typical .pictoria藍representationsaremapsandsketches.Usualmapsandsketchescanbe

seenaso切ectsintheworld.Theire董ementscanbedesc㎡bedl童keothero切ectsinthe
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world;theydif驚rffomusualo切ectsonlybytheirrepresentingfbatures.Idenote,there-

bre,mapsandsketchesbyusingte㎜sandusefUnctionstodescdbetheirrepresenting

character,

IuseafUnctiontodescribearelationbetweenamapandthereality;thisfUnction

實omamapintheworldiscalledρ 吻 θα ∫v8ル ηc∫'oπ.Idefine,atnrst,relationsymbols

プ諺ηc∫∫oηandρr〔 ～ノ6c∫'y8一 プ諺πc∫'oη:

DEFINITION1

9吻(G,配)≡(∀ ・(・ ⊂ 避 一 ヨ!yG(・,y))〈 ∀・(一 ・⊂避 一 一 ヨyG(・,y)))・

whereヨ!yψ(y)meansthereisexact豆yoneysuchthatψ(y).

(Gisagraphfbrη2{がGcorrelatesanypartsof配too煽ectsinthereality.)

加 α'・・げ,配),ifth・ ・ei・ag・aphGb・ 醒 …hth・t∀ ・∀y(・ ⊂,配 一(y・!ω

≡ σ(κ,y))),wherevaluesof!areundefinedfbro句ectsoutsideof〃3.This

fUnct孟on!iscalledtheプ 諺πc∫'oπ88η6ro∫ θ4わy〃 重88r4ρhG.

(Insteadofagraph,wewinuseapartialfUnctionthatexactlycorrespondstothegraph.)

ρ彫C'」vθ 「加C伽 げ,配)≡

伽C伽 げ,配)〈 ∀ ・1∀発(・,⊂,配 く 馳 ⊂,配 一(・1≠ ・,一 ア(・1)打(・,)))〈

∀ 漁 ⊂,配 一!ω ≠ φ)〈 ア(κ1∩ κ2)・!(・1)∩!(・,)〈 ア(・1∪ ・、)・!(・1)∪ ∫(・、))・

げisapr(麺ectivefUnctionfbr配 げ ノisani可ectionfrompartsof1πinpartsof

theworldand∫preservestheoperations∩andU.)

Aswewillseelater,apr(麺ectivefUnctionisan両ectionthatpreservesthepart-whole

relatlon.BecauseofthisproperIyofmaps,wecanf士eelycombineinfbmlation.ffoma

mapandrealexperience;weobtainaninversefunctionthatpr(jectsoりjectsofapart

oftheworldontoamapandpreservesthepart-wholerelationinthereality.Tolocalize

acurrentplaceinamap,weusuallyt可tomap{n飴m飢ion丘omtherealityontothe

map.Forexample,whenIseeabuildingofalargebankinffontofme,Itrytofind

thenameofthisbankonacitymaptoorientmyself.

WecandescdbetheworldbyconsIructingamap,butweαmalsodescdbecontents

ofamap.Todothelatter,wewritenamesofob噛ectsontoamap.Forexample,when

anareaclonamapηzlhasthename``Hα 配う硯g",thisnamecanbewrittenontothe

map.Theintendedassoclatlonbetweenanareaandthenameisexpressedby血e鉛 ㎜ula

o∬oc'o勿4(c1,肋 〃伽 馨,〃1ユ).Weαmdescdbeprope而esofamapbydescdbing

constraintsonthisfUnction.Inourexample,weshouldhave五(c1)=地 那わ硯g,where五

isafUnctionf士omthemapη31intotherealworld.Thisexampleshowsamethodto

giveconstraintsonpr(嚇ectivefunctions.
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Bygivingconstralntsonp呵ective血nctions,theycanbespeci∬ed.Someofthese

constraintsaefb㎜allyde且nable.

DEFINmON2

Wepresupposehereanaxiomaticsystemthatde行nesdistanceoftwopointsinspace.

∫如η吻 κ∫一ηα配ε(君1η),iffbrallnames/Vinthemap配,itholds:∀ κ(o∬oc∫ α陀4(κ,

Aろ 〃2)→ ア(κ)=κ).

(5砂 磁 α㎡ 一πo配θ(ズ 配)meansapersonwhofbllowstheinstructiongivenbyアwil艮

useallnamesinthemap1ηinthesamewayasinnaturallanguage.)

ε忽η磁 冠 一〇πr'わ厩oπ(君 〃z),iffbrallclassnamesCinthemap1η,itholds:

∀ ・(α ∬ ・c∫α彪4(κ,C醜)→ ∫(x)・ 。C).

(3如 π磁 π♂一α∫かゼわ厩∫gη(汚 那)meansapersonwhofbllowstheinstnlctiongivenby∫

willuseallclassnamesinthemap加inthesamewayasinnaturallanguage.)

∫∫απ吻 冠 一'coπ(ズ 〃2),iffbralliconsδinthemapη2thatareassociatedwiththe

classC,itholds:∀ κ(α ∬oc如 た～4(ろ δ,〃z)〈 ∫coπ_プレ(δ,C)→!(x)εFC).

(5如 π40π ∫一'coη(君1η)meansapersonwhofbllowstheinstructiongivenby/will

usealliconsinthemap刑asusual.)

1/・ 一・・脚 ・伽 幽)≡Yギ1∀ 馳(・1⊂,加 く 挽 ⊂,配 一4'・ げ(・1)・!(発))・n×4'・

(x1,勉),where4∫ ∫isafUnctionofthedistancebetweencentersoftworegions.

(1/・一・・…c伽 ¢ 配)m・ ㎜ ・apers・nwh・ 油 ・w・ ・h・i・・tm・偵・ngi・ ・nby∫will

multiplythedistancebetweenareason1ηbyπtogettheirrightdistanceinthe

Ieality。)

ρ卯oπ ∫oη一ρ肥 ∫θrv加8(ノ;〃2)≡ ヨ π(1/μ 一coη 砂c∫'oη(ズ 〃2)).

(P'卿 伽 一ρ泥・・痂8¢ 配)meaぬ ・th・ ・ei・a・eal・umb・ ・ ・ …hth・t1ん 一

co脚 α∫oπ(ズ 〃z).Whenth孟sconditionholds,thepK)portionoftherealityispreserved

in〃3.)

'θη8功 一ρ肥5θr・'・8¢ 配)三1/1-c・ 吻 ・伽 伍 配).

[r%]一 幽 鰐 一ρ卯 ・・伽 砿 配)≡ ヨ ・∀ ・1∀・、(・1⊂P配 く 勉 ⊂,彫 一 ・x(1一 ・/100)・

4ε・(κユ・物)<4」 面(x1),ア(勉))M∫ 瞭(x1),ノ(物))〈 ・×(1+・/100)×6護5(Xl,勉)).

([r%]一 プ諺駕y二 ρ叩 ρoπ'oη(ズ1η>meansthedistorεionofproportionopηzismaintained

withinthelimitofr%.Thischaracterizationb㏄omesimportantfbrschematicmaps.In

schematicmaps,proportionisslightlyskewedbutthisdistortionshouldbeIimitedso

thatitissdllpossibletorecognizetheshapesoforiginalohlects.)

Sometimeswewanttocharacterizepartialfbaturesofapictorialrepresentation.This

partialcharacterizationisespeciallyimportantfbrschematicmaps.
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DEFINITION3

・・'膨 ∫・砿 配,C)≡ ∀ ・(・ ⊂,加 く ∫(・)・ 。C一 ・∬・c'・陀4(・,C配))・

(co即 ∫θ'8(ズ1η,C)means,in1η,allo切ectsoftheclassCinthe1η 一partofthe

realityareassociatedwiththenameofC,where襯 一partoftherealitydenotesthe

partoftherealitydescribedby〃L)

ρ卯 ・π'・π一ρ榔 ・所 ・8・ ¢ 溺,C)≡ ヨ ・∀ κ、∀ 物(・ ∬・6厩4(■1,c加)〈 ・∬・・'・∫・4(・2,

C,配)→4'5げ(・1),∫(・2))=・ ×4∫∫(κ1,κ2)).

(Pダρρo所oη 一ρκ56rv'η8*(君 η3,C)means,in1η,Pmportionbetweeno切ectsassociated

withthenameofCispreserved.)

orεθη此漉oη 一prε∫θrv'π8(君 〃1,C)ミPκ1ρoπ'oπ 一ρrε∫6rリ'η8*(君 〃3,C).

[7%]ツ 伽駕y一 ρπワoπ 此》η*(ズ 〃z,C)≡ ∋ κ∀x1∀ 勉(α5500此 ～剛(κ1,G規)〈o∬06ぬ 航 ∫

(x2,C,醒)→(・x(1一 ・/100)×4∫5(κ1,κ2)<4∫ ∫げ(κ1),!(勉))〈4'・ げ(κ1),

!(κ2))<・ ×(1+・/100)×4'・(κ1,・2)).

Itiseasytoprovethef匙)ilowingProposition:

PRoposmONl

Thefbllowingstatementsstraightfbrwardlyfbllow丘omdefinition1.and2.

・)F・・a・ynam・
.N・nd・ny・lassC・nth・ 脚 配 ・.伽4・ ㎡ 一・佛 ・伽)〈 勲 泌

一・・伽 伽 伽)マ(ヨ ・(α ∬oc厩4(κ ,瓦 吻)〈 ・∬・・∫卿(・ ・伽))→ κ ・・C)・

(If!fbr配interpretsnamesandclassnamesinconfbrmitywiththestandard,thenit

holds:ifthereisagraphico切ectin配thatisassociatedwithboththeotjectハ1

and重heclassC,then/VisaC.)

b)ForanynameAIandanyclassConthemapηz,∫ 薦 η4απ∫一η01πθ(プ,鷹)〈s如 πぬ ㎡

一'・碗
,配)一(ヨ κ(α ∬o磁 翅(茜 瓦 〃1)〈 ・∬ ・c'・'・4(漏 δ・ゆ く'… 一面 ・(δ・C))

→Nε
FC).

(If∫ 艶 ・ 朗 ・t・Φ・et・n・m・ ・ ㎜di・ ・n・in・ ・n鉛 ㎜itywithth・ ・tand斑d,.thenit

holds:if廿 董ereisagraphico切ecεin〃 諺Ihatisassociatedwithboththeo切ect/V

andtheiconδfbrtheclassC,then2VisaC.)

・)ρ彫 α'・・「加C伽 伍 脚)一 ∀・1∀ 馳(・ 、⊂,配 一(・1⊂,・,一!(・1)⊂,∫(物)))・

(If/isaprqlectivefUnctionfbr〃3,then,fbrallpartsof〃 諺,ノpreservesthepart-

wholerelation.)

d)prq1セ α∫v6一プレηc∫`oπ(ズ 〃の → ∀ κ1∀ 物(κ ユ=勘 …… ア(κ1)=!(κ2)).

(lf!isapr(麺ectivefUnctionfbr」 η,then∫isan珂ectionffom配inapartofthe

world.)

Proof(a),(b),and(d)areobvious.Iwillonlyprovethep汽)position(c).Suppose
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ρ'吻 ∫・・.加 ・珈 励)〈 ・、⊂,脚 く ・1⊂,・,・ 職 ・n,it・ ・盟ce・t・ ・h・wア(虻1)⊂,

!(物)・F・ ・m由 ・d・ 価d・n・f⊂,,(・1⊂,馳 ≡(・1≠ φ 〈 ・1∩ 物 一 ・1))〈 ぴ(・1)

⊂,!(・ 、)≡ げ(・1)≠ φ 〈 ∫(・1)∩!(・,)・ ア(・1)))・F・ ・mth・d・ 丘・iti・n・fρ 嬢c一

"・6「加 ・ガ・・¢ 配),∫(・1)≠ φ 〈 ∫(・1)∩ ア(勘)=!(κ1∩ 勉).Fr・mκ1∩ 迄=x1,

!(・1)∩!(・,)・ ア(・1)・Hence,!(・1)⊂,!(勉)一

Thefirsttwostatementsshowthatsimplesutオect-predicatestatementsareexpressible

onamap.Forexample,byusinganiconfbrschoolandbywritinganameofaschool

neartheicon,wecanexpressthattherefbrredbuildingisaschool.Now,astatement

suchas``the顧earefiveschoo藍s蟄epresentedonthismapノ η"canbeexpressedinNRL:

ヨ ・(・ ⊂,配 く ・∬ ・・'・∫・礁 δ,配)〈'… 一和 ・(δ,SCHOOL)〈 ・dわ・・1伽、げ(・))・5)・

(Th・ ・ei・ap・ 且 ・f配th・t・ep・e・ent・ ・um・f食ve・ch・ ・1・・
.SCHOOLd・n・t・ ・h・ ・eth・

sumofallschoolsintheworld.!(κ)denotesamereologicalo切 ㏄tintherealitythat

isfepresentedin〃 εbytheareaκ).

Inthisfb㎜ula,thestatementα ∬oc如 陀4(濁 δ,〃2)hasacollectivereading.See

Nakayama(1999)R)radetailedtreatmentofcollectiveanddistributivereading.

Thelasttwostatementsinpropositionlstatethatapr(オectivefUnctionisani功ection

thatpreservesthepart-whole-relation.

ParticularpropertiesoftheprqlectivefUnctioncanbeeasilydefinedincasebycase.

Pratt(1993)usedanexampleofamapconsist孟ngofdarkandlightpalts,wheredark

partsrepresentwaterandlightpartsrepresentland.Let配bethemapshowninfig.1

and!beaproperprqjectivefUnctionfbr〃LItis,then,easytocharacterize∫,sothat!

expressestheintendedinterpretationof配;wecanrequirethefbllowingproperty丘om∫:

∀ ・(・ ⊂,配 く4副 ・)一 ノ ω ⊂,WATER)〈 ∀ ・(・ ⊂,配 く'∫8勉(・)一!(・)⊂ 。

LAND).

(Anypartsofηzthathaveadarkcblorrepresentwaterandanypartsof1πthathave

alightcolorrepresentland.)

Fig.1Amapwithtwolakes
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Actuany,tointerpretthismap,Pratt(1993)usesnomereologicalconceptandusesa

imctionffompointsonamapintotherealitywithoutgiVinganyspecialconstrainton

the蝕nction.However,parksandl田(esonamapareno㎜allyconsideredasindividual

o切ects,asthiscanbeobservedinthe飴ctthatsomeparksandlakeshaveaname.We

need,therefbre,mereologicalontologywithrelativizationbysortalpredicatesinorderto

properlydescdbeamap.Fu曲e㎜ore,theintendedfunctionisapr句ective血nctionthat

preservesthepart-wholerelation.

Icallthetheofyp爬sentedinthissection∫ ん8ε κ彪 η4θ4NRLorENRL

4.WhatareRepresen頓tions?

Palmer(1978)characterizesarepresentationsystemasasystemthathasthefbllowing

fiveaspects:

a)whattherepresentedworldis;

b)whattherepresentingworldis;

c)whataspectsoftherep釦esentedworldarebeingmodeled;

d)whataspectsoftherepresentingworldaredoingthemodeling;

e)whatarethecorrespondencesbetweenthetwoworlds.

Inthissense,ENRLcharacterizespictorialrepresentationsasrepresentationsystems.

AccordingtoENRL,apicto盛alrepresentationア ηisarepresentationwhosefUnction/

satisfiestheconditionρ πηセα ∫り6「ル ηα ∫oη(ズ 〃2).Palmer'sfiveaspectscannowbe

explicatedasf6110ws:

.a)Therepresentedworldistheintendedmodel .

b)Therepresentingwor匝disapictodalrepresentationηz.

c)Theaspectsoftherepresentedwor董dthatarebeingmodeledarespecifiedbygiving

constraintsonpossiblepr(オectivefUnctions.Examplesfbrtheseconstraintsare

definedindefinition2;theyare1)1ρ ρor∫'oη 一1フrθ5θ1「レ'η8,∫ ∫oη4α ハ4一 ηo〃28,etc,

d)Whenonlysomepartsofapictohalrepresentahonareusedfbrmodelingtheworld,

thesep飢scanbespeci丘edbyusingconditionsinthe侮 ㎜R¢ 配,C),where配

standsfbrthepictorialrepresentation,∫denotestheintendedprqlectivefUnction,and

Cisaclassofo切ectsthataredescribedin配.ExamplesfbrRaredefinedin

definition3;.theyareco即16陀,ρ ノρρoπ'oπ 一prθ ∫θハノ'η8*,etc.

e)Thecorrespondencesbetweenthetwoworldsisexpressedbyapr(オectivefUnction∫.

Insummary:apartoftherealworldisrepresentedbyapictoria翌representationηz,
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wheretheintendedpr(オectivefbnctionアR)r配showshowthewor蓋disrepresentedby配

andhowtouse〃1.

5.CombiningInfo㎜ado面omPictori訓Represen励ons

withInfo㎜ 飢ion丘omVerbalExpressions

WithinENRL,itiseasytocombinei面 ㎜ationgivenbydif飴Kうntmedia.Inthissection,

itisdiscussedhowtocombineinfbrmation丘omapictorialrepresentationwith

infbrmationgivenbyvefbalexpressions.

WithinENRL,verba豆infbmlationabouttheworldisdirectlyexpressed,whereas

infbrmationcontainedinapictorialrepresenta丘onisexpressedbyusingaprqlective

fUnct孟on.ApK〕jectivefUnctionisapartialfUnctionwhosedomainconsistsofpartsofa

pictorialrepresentation.Someofthemarecharacterizedbycertainpropertiesoridentified

byusingnames,andtheystandincertainspatialrelationstoeachother.Aproper

prqlectivefUnctionfbrapictorialrepresentationshouldbecharacterizedinordertouseit

correctly.Relationsbetweenpictorialrepresentationsandpr(オectivefhnctionsgivethe

charactedzationfbracorrectuse.Thesecharacledzingrelationsarerelationsdefinedin

section3,like5薦 η4α 雇 一απ」ゼわ麗'∫oη,ρ ㎎ ワoπ'oη 一ρ昭58rv'η8,etc。

Wi山inENRL,in鉛 ㎜ationfromapictodalrepresentationandinbrmation食omvefbal

expressionscanbestraightfbrwardlycombined.TappeandHabe1(1998)pointoutthat

thefearedi1晩rentrepresent良tionlayers,i.e.thelayerofgraphicalentitiesandthelayer

ofreal-worldentities.Byusinganaturallanguage,wecantalkaboutbothofthelayers.

Thinkaboutthesituationinwhichamanpointstoalinellonthemapη2andsays

　Thislonglinerepresentsarailway
.Thereisastationonthisline.Youcanseea

churchnearthestation.Peter'shouseliesnexttothischu1℃h."Inthistalk,two

representationlayersaremixedup.ThistalkcanbetranslatedintoENRLasfbllo.ws,

whereアisapmperp㏄jectivefUnctionfbr〃2:

('1・ 趣LINE〈!(11)⊂,RAILWAY〈 ・・(41,妬,配)〈 ア(d1)・ 、。、伽 、STA皿ON

〈 ・∬ ・鋭 晦 ・ †・ 配)〈 ∫… 一面 ・(† ・CHURCH)△ ・…(砺 ・41)嶋 ・、。,,伽8HOUSE

〈 晦 わ81・η8∫ ・Pθ ∫8・ 〈 ・α ∫一如(輪,∫(ゐ))).

('1isaline,11representsapartofthewholerailway,41isonll(in〃3),41

representsastation,42isassociatedwiththeicon† 負)rachurch,42isplacednear41,

43isahousethatbelongstoPeter,and43is豆ocatednexttothechuI℃hrepresented

by妬.)

Here,'1,4ユ,42,and偽areSkolemconstantsymbols.Nakayama(1999)usesSkolem
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symbolstoexpressanaphoricrelations.Detailedexplanationscanbefbundthere.

Wecancombinein飴 ㎜ation丘omverbalexpressionsandin飴rmation負Dmthemap脚.

Supposethatthereisaschoolwiththename2Vthatis2cmawayffomthechurchmen-

tionedbefbre.Supposethat1/100000-coη 如c∫'oη(ズ1η)holds.Thismeansthatthedis-

tanceoftheschoo豆andthechurchis2km.ThisisexpressedwithinENRLasfbllows:

1/100000一 ・・吻 ・伽 伍 醜)一(4⊂,配 く ・∬・c'・擁(4,瓦 吻)〈4・!(の く4,一N

〈4ε 加,伽8SCHOOL→(4'5(4エ,∠ ち)=2α η →4'5(ゐ!(砺))=2々 御)) .

(Whenthescaleof配is1/100000andwhen4representsaschoolwiththename瓦

thenthedlsta皿cebetweenIheschoo】andthechurchmentionedbefbreis2km,because

theirdistanceonア ηis2cm.)

Theseexamplesdemonstratethatcombinationofinfb㎜at{on㎞mapictodal

representationandinfbrmationffomverbalexpressionsisstraightfbrwardwithinENRL.

6.CombinationofPictorialRepresentations

Inthissection,wedefinehowtocombinediff6rentpictorialrepresentations.Thereare

twowaysofcombiningfUnctions;theyareunificationandcomposition。

DEFINITION4

LetGIbethegraphwhichgeneratestheprqlectivefUnction!ifbr〃z1.LetG2bethe

graphthatgeneratesthep呵ectivefUnctionJらfbr〃32.

a)・ ・'・・(G,五,乃)≡ ∀ ・∀y(G(・,y)≡(G1(・,y)>G,(κ,y))).

(σistheunionofプiandjら げ σ 孟stheun量onof6ユandO2.)

b)嘘4-8鋤(G・ ん 乃)≡(・ ・'・・(G,ゐ,乃)〈 ∀ ・(・ ⊂,(配 、∩ 配,)一 ガ(・)・ 左(・))).

(Oistheuni重edgraphof/iandj亀 げ σisIheunionof/iandjら,andOisa

graphfbr〃1ユUηz2.)

c)If〃 η∫花4-81ロ アh(G,ノ1,乃)holds,then重hefUnc重 三〇ngeneratedbyGisdenotedby

〔プiU.乃]andcaned沈6μ π扉cα 認oπ(ゾ!iandプ ⊇.

d)・・即 ・・∫伽(G,!},ゐ)≡ ∀・∀y(0(・,y)≡(・ ⊂,溺 、〈 悉(・)⊂
,規,〈y・ 鍋 ω)))・

(σisthecompositionof五and乃 げGcorrelateseverypartκof1η1totheob-

ject乃(ろ(x)).)

e)Th・h・ ・ti・ng・n・ ・at・dbyth・g・aphG山 ・tisthec・mp・ ・iti・n・f五 ㎝d乃i・

denotedby[ち*ゐ]andca夏led∫ んθco〃 ㌍o∫〃'oη(ゾ ノ1α η4プ あ。

CompositionandunificationoffUnctionscanbecombined,iftheconditionsfbrthem
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describedindefinition4aresatisfied.Thuswec㎝constructacomplexcombinationIike

耽 ∪ 〔危脆]∪ 乃 ∪ゐ]]].Wecanusemanypictodalrepresentationstointerpretthereality,

iftheyarealtogetherconsistent.Itisalsoourusualpraxistousedif色rentmapsand

sketchesinordertogotoanunknownplace.

Insomecases,itispossibletoconstructavir山almapbycombiningdi脆rentmapsin

aproperway。Thisconstructioniseasy,whenallmapsthatshouidbecombinedoverlap

witheachotherandtheirproperpr(オectivefUnctionsareproportionpreserving.Letus

thinkaboutsuchanexample.Supposethattherearemapsηzland配2withpr(オective

fnnctions/iand .ろ.SupPosethat/iandあsatisfy1/π 一coη 薦c∫'oπ(1i,〃21),1/ん 一ρoη如c∫'oη

脆,襯2),and五(1η1)∩ 乃(加2)≠ φ 。Inthiscase,wecandefineavi血1almap1η3with

妬 ・81("～1)∪8,(配 、)魂 ・ 除81-1]∪ 瞭9,　 1],・nd∀ ・(・ ⊂,(81(配1)∩9,(配,))≡

ゐ(・)⊂,(右 ω ∩乃 ω)),wh・ ・e8f1,m・ 孤 ・th・ 孟nverse血 ・・d・n・f8i・ ㎜ ・・ec・nditi・n・

areneededtocorrectlycorrelate1π1andηz2.Now,wecanconstructavirtualmapwith

thescale(1:r),whenwegivetheconstraintsη/r-coη かηcガoη(81,〃z1)andた/r-coη ∫πzc一

"oη(82,〃32)on81and82。Itholdsthen:1/r-coη 如c琵oη(ノ §,〃33),r/π 一coπ'㎎c"oη(81-1,

81(ηZ1)),andr/ん 一coπ ∫πzcガoη(82-1,82(〃32)).Inthisway,wecanconstmctaproportion

preservingvirtualmapffomtwoproportionpreservingmaps.

7.AspectMaps

AccoKiingtoBrendt8∫o∫(1998),anaspectmapisaspatialorganizationstmcωrethat

representsoneormoreaspectsofgeographicentities.Torepresentapartoftheworld,

diffb麺entaspectsofitcanbeextractedf廿omthereality.Anexampleofaspectmapsisa

transportationnetworkmapthatreconstructsonlysomeaspectsoftheoriginalcitymap.

Inthiss㏄tion,asp㏄tmapswillbefbrmallycharacterizedbyusingENRL

Therearesomeaspectsthatarecrucialfbrtransporεationnetworkmaps.Theirmost

importantfbatureisthecompletenessoflinesandstations.Itisfbrmallyexpressedas

co㌍ ρ」θ花(プ,配,L田E)〈co彫 ρ」θ彪(プ,配,STATION).Thefbrmulaco彫 ρ'θ花(プ,配,LINE)

〈co鷹 ρ」6花(ノ,配,STATION)means,alllinesandstationsinthe配 一partofthereality

arerepresentedlnη2.Thecompletenessofstationsisaniceproperty.Wewouldnot

trustatransportationnetworkmapthatmissesseveralstations.

Pratt(1993)proposestousea4⑳ 〃'即 形5θ η如'∫oη,becausehethinkstheabsence

ofsymbolscanconveyi漁 ㎜ation.Thispmblemiscloselyrelatedwithourusual

expectation丘omamapthatitrepIesentsallo切ectsofsome.classesinthedescribed

area.ByusingENRL,wecanexpresswhenweshoulduseadefault猶easoning.Ifit

holdsoo彫 μθ館(プ,1η,C),thenwecansaythatthereisnoC,wherenosymbolfbrC
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stands.Ifco那 ρ'θ忽(プ,〃 ちc)doesnotholdbutweknowthattherearemoreplaceswith

ηoη 一CthanwithCinthe〃 卜partofthereality,thenitisappropdatetoinfもrbyde一

血ultthatthereispK)bablynoC-o切ectwherenosymbolfbrCstands.However,this

dealswithapracticaldecisionanditisnotagenuinepK)blemofsemantics.

Fortransportat孟onnetworkmaps,itiscmcialthatstationsarelocatedonaline

accoKiingtotheoriginaloKler.Thesemapsshouldbesoconstnlctedthatthereare

pr(オectiveimctionsthatpreserveallstationorderingsofalllinesdescribedinthemAs

Brendtε'α'correctlypointedout,theexactlocationsofstationsandcoursesshai藍be

omittedfbrreasonsofmapreadability.However,10cationsshouldberough互yright,so

thatcor顧elationbetweenthemapandthereahtyremainsreadable.Wecanexpressthis

conditionofroughcorrectness,恥rexample,bythefb㎜ula[10%]吻zzy-p叩oπloπ*(君

醒,Ln肥)〈[10%]乖zζy一 ρ卯or∫'oη*(冗 アη,STATION).

Inthelastsection,wehavealreadydiscussedhowtocombinetwopr(オectivefUnctions,

脚hentheyareproportionpreserving.However,manyaspectmapsarenotproportionpre-

serving。Letusdiscussthecombinationofaspectmapsmoreclosely.Whentwoaspect

maps,配1and1η2,represent山esamepartofthereality,thenitholds:五(η21)=ゐ(配2).

Byusingthemethodexplainedinsection7,avirtualmap配3canbeconstmctedf士om

醒1and配2,anditholds:1π3=81("11)∪82(班2),プ §=耽*g1一 ユ]U[乃*82皿1].Hence,配3ニ

81(η11)=82(配2),踏 二[右*81一 ユ]=[ゐ*82-1]・Inmanycases,topreserve君'sproperty,

8「1hastohavethesameproperty.Forexample,topreserve五'spropertyoforientation

preserving,81-1hastobeorientationpreserving,i・e・81hastobeorientationpreserving・

However,whenweacceptslightdistortionofthepreservat量on,wecanoftenconstructa

virtualmapwithniceproperties.Forexample,whenweacceptproperties[10%]吻 駕y一

ρπ甲oπ'oη(81,η τ1)and[10%]一 プ疲 ζy-proρoπ ∫oη(82,η22),itmightbepossiblethat踏

newlyobtainsthepropertyofproportionpreservingwithoutlossofanypropertiesof五

andムTheconstructionproblemofavirωalmapffomexistingaspectmapscanbeseen

asaproblemofcoη ∫かゆ η∫ ∫α"卿 α ∫oπ.Thatisaproblemto.findapr(jectivefUnction

丘omavirtualmaptotherealityandpr(類ectivefUnctionsffomtheexistingaspectmaps

tothevirtua豆mapsuchthattheysatisfンallrelevantpropertiesoftheexistingaspect

mapsandalldesirablepropertiesfbrthevil加almap.

8.TheIndetemlinacyProblem

Toproperlyuseapictodalrepresentation〃2,itiscrucialtoknowwhatarepresupposed

asproperpr(オectivefUnctionsfbr配.Ignoranceofthis㎞owledgecancauseamisuseof

thisrepresentationsystem.Letη1beapictoria豆representationthatisnotproportion
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preserving.Ifwemisunderstandthispictorialrepresentationasproportionpreserving,we

canfailtoestimatearightdistance .betweentwoplacesdescribedonノ η.Tounderstand

howtouseapictorialrepresentation,youhavetoknowpropertiesofitsproper

prcjectivefUnctions.

Thisconsiderationhelpstocladfytheindete㎜inacyproblemdiscussedinHabel

(1998).AccordingtoHabel,theindete㎜inacyproblemdealswiththedaimthat

pictorialrepresentationsarecompletelydeterminedandcommittedtodetails,whereas

propositionalrepresentationscanbeunderdetermined.AsHabelpointsout,evenifa

pictodaidescriptioniscompletelydetermined,therearedif陀rentinterpretationpossibilities

ofit.Habelexplainsthesedifferentinterpretationpossibi星itiesthroughthepossibilitiesof

takingdiffbrentaxiomatizedgeometricsystems.Itis,however,moregeneralandnatural

tothinkthattheseinterpretationpossibilitiesaregivenbythepossibilitiesoftaking

dif飴rentproperpr(オectivefUnctionsfbrthesamepictorialrepresentation.

Apictorialrepresentationhasitsownstructure,butusuallynotallofitsstructural

p朕)pe並iesareusedfbrrepresentationoftheworld.Mapsandsketches .diffbrinthe

顧elevanceoftheirdetails.Forexample,atypicalmapisproportionpreservingandithas

manyclassesofobjectsthatareexhaustivelymentionedwithre3pecttothedescribed

area,butmostsketchesarenotproportionpreservingandithasfbwclassesofo切ects

thatareexhausdvelymentionedwithrespecttothedescribedarea.Whentwopointsare

connectedonasketch,thisconnectionmightrepresentapropertyintherealitybut

neitherdistancenorodentationnorIengthofthelinewillplayarepresentationalrole.

Normally,sketchesrepresentonlyrestdctedpartsofthereality.Thisconsiderationcanbe

summadzedasfbllows:

a)Aproperpr(オectivefUnctionアofatypicalmap1ηfUlfillsthefb豆lowingproperties:

ρ卯 ・π'・ π一Pκ5翻 η8(君 〃z)〈 ∫珈 吻 肪 η・配 邸 配)〈 ∫襯 ぬ 漉 一απ伽 伽 ¢ 配)

〈5薦 η吻 ㎡ 一'coη(汚 ηの,andtherearemanyclassesCsuchthatco那 ρ'ε'ε(ノ;1η,C).

b)Aproperprojectiv年fUnction!ofatypicalsketchηzfUlfi董 藍sthefbllowingproper-

ties:∫ 如 η磁 ハゴー〃α〃36(ガ 〃z)〈 ∫頗 π4々 雇 一α〃rめ π∫'oη(ノ;〃2),andthere孟sapart〃 諺*of

配and・ ・meclasse・C…hth・t醒*⊂ ρ 配 く ・・即1・'・ 媛 漉*,C)・

Whenyoudrawamaporasketch,youcandecidewhichofstandardconstraintsyou

takeandyoumayintroducenewsymbo豆sintoit.Tocorrectlyusethispictorial

頚epresenmtion,weneedaddition副infb㎜ationaboutthepr句ective血nctionthatwas

presupposedbythedrawer,Thusthesepicto"alrepresentationsafeunderdαermined.

Especiallyfbrschematicmapsandsketches,certaindetai藍sareoftenirrelevantfbr

interp豹etationoftherepfesentedreality.
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Sometimes,thesamefactscanbeexpressedboththroughalanguageandthrougha

sketch.Desc匝pεionsthroughasketchoftenhavetheproperty!hatthewholestmcturecan

beviewedataglance.However,theyoftenneedverbalexplanationhowtoreadohjects

onthem.Pictorialandverbalrepresentationshavetheirownadvantages,Therefbre,

sophisticatedspeakerstendtousebothrepresentationsinatalk・

9.Conclusions

A鉛 ㎜altheoIy鉛rpictodalrepresentationshasbeenpresentedbasedonamerelogical

language.Itwasshownthatasemanticsofpictorialrepresentationscanbesatisfactory

characterizedwithintheEκ 館 π4θ4吻 伽 薦'R印rθ ∫επ如 ∫∫oη 加 ηg麗 αgε(ENRL).Byusing

thistheory,combinatlonofinbrmationhompictodalrepresentationsandinb㎜ation

丘omverbalexpnessionscou童dbepmperlydescribed.Therelationbetweenrepresenting

andrepresentedlayershas.beenclarified.Furthermore,combinationofpictorial

rep蹟esentationsiscloselyanalyzedanditsresultisappliedtoanalysisofaspectmaps.

ENRLisproposedflomatheoretica豆interest.However,theideaproposedinthispaper

mightbeusedfbrimplementation.WhenENRLisfullyimplemented,itcanbeusedas

aninfb㎝ationsystemthatcancombinesymbolicalandspatialknowledge;itwillbea

systemthatcandealwithvefbalandpictorialinputsandoutputs.

Appendix

Inthisappendix,IwillpresentaxiomsofNRL,whicharedefinedinNakayama(1999).

NRLisatheoryinIwo-sortedIogicwithmereologicalo切ectsandnumbers.

(MA1)

(MD1)

(MD2)

(MD3)

(MD4)

(MA2)

(MD5)

(MA3)

Fromthis

excluding.thenothlng

∀ ・(・ ≠ φ 一 ・⊂,の

Axiomsf6rBooleanalgebra(minimum:φ,maxlmum:ω.

μ⊂y… ≡ 配Uv=y.

・⊂P・ 三 ・⊂ ・ 〈 ・≠ φ ・

尻Ov三 配∩v≠ φ・

∀ 配((λv[9(v)])ω ≡9(κ)).

ヨ 凋 ω 一 ヨ ・(9(v)〈 ∀ 吻(・)一 ・⊂,・))・

y=5媚 ω[9(〃)]ヨ

((9(v)〈 ∀ ・(9(の 一 ・⊂,・))〉(∀ ・ 一9ω 〈 ・ ・ φ))・

ForallSkolemfbnctiQnsymbols4々:4(配Uv)=4(の ∪4陀(v).

axiomsystemitfb董lowsthatthepart-wholerelation⊂ ρisapartial

〈 ∀ ・∀ ・∀w(・ ⊂,・ 〈 ・⊂ ρw→ ・⊂,w)〈

ordering



∀ ・∀ ・(・ ⊂,・

Asoη 愉'ρ給dloaね

(SA1)

(SA2)

(SA3)

(SD1)

(SD2)

(SD3)

(SA4)

(SD4)

Thecaκ ∬ηa"ウofphysicalohlectsandeventsisrecursivelydefined

predicate:

(CD1)c4,ω=1≡ ・∫・配。(〃).

(CD2)(c4F(v)=1〈 ∬∩ レ=φ)→(c4F(の=η ≡c4F(〃Uv)=
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〈 ・⊂,・ 一 〃=・)・

Fischaracterizedasfbl豆ows.Itprovidesthebasisfbrcount.

rF(φ) .

F(麗)〈F(v)→ 」F(πUv).

F(の くF(㍑Uv)〈 り≠ φ 〈 μ∩v=φ →F(v).

〃⊂ 。 ・ ≡Fω 〈F(の く ・⊂ ・.

・∫・配。(の ≡Fω 〈 ∀ ・(・ ⊂ 麗 くv≠ ・ →rF(v)).

∬・。y≡ α嫌 。ω 〈 μ⊂ 。 机

F(の 一 ヨ ・(・ εμ).

・=・ ・配。ω[9(の]≡

((Fω 〈9(・)〈 ∀ ・(F(の 〈9(の → ・⊂ 。 ・).)〉

(∀ ・(Fω → 一9(の)〈 ・=φ)).

,whefeFisasortal

η+1).
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