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Abstract. In this paperl arguethata qualitative formalizationof built environ-
mentsneedsto take into account:(1) the ontologicaldistinctionbetweenbona-
fide andfiat boundariesand objects,(2) the differentcharacteiof constraintson
relationsinvolving thesedifferentkinds of boundariesand objects,(3) the dis-
tinction betweerpartitionforming andnon-partitionforming objects,and(4) the
fundamentabrganizationalstructureof regional partitions.| discussthe notion
of boundarysensitve roughlocationandshav thata formalizationbasedn this
notiontakesall thesepointsinto account.

1 Intr oduction

Imaginea computerprogram(l) thatgeneratesonfigurationf linesin the Euclidean
planethatlook like plansof built ernvironments[Lyn60. Examplesof built erviron-

mentsare shoppingmalls, airports,or parkinglots (See,for example,the left part of

Fig. 1.). Program(l) generatesonfigurationf linesof differentstyleandwidth. Sup-
poseour taskis to designanothercomputerprogram(ll), which checks(1) whether
or not a plan generatedy (1) can possiblybe a plan of a built ervironmentand, in

casetheplanrepresenta built ervironment,(2) whetheror notthis ervironmentcanbe
navigatedeasilyby humanbeings.

Humannavigationandwayfindingin generabndin built ervironmentsn particular
hasbeenstudiedextensively in the pastin architecturablesign,e.g.,[GLM83], in Arti-
ficial Intelligence e.g.,[Kui78] andin Cognitive Sciencege.g.,[SW75]. Noticethatall
thosepeopledealwith navigationin real, physicallyexisting ervironments.The ques-
tion | amaddressings different. The built environmentsthis paperis dealingwith do
not (physically) exist yet. Consequentlythe approachl am proposingcannotrely on
obsenationsin reality. The only ‘physical’ thing we have is a plan, P, generatedy
program(l). Only if program(ll) decideqa) that P represents built ervironmentand
(b) it is easyto navigatethenthe ervironmentis beingbuilt accordingo P. Whateverit
meango beabuilt environmentandwhateserit meando beeasyto navigate,it mustbe
definablen thelanguageof P andit mustbedecidablegiven P. Consequentlytask(1)
and(2) restuponthe sameformalfoundationsandare,in thisrespectcloselyrelatedto
eachother It is theaim of this paperto investigatehoseformal foundations.

Program(l) producesa quantitatve representationf built environmentsbasedon
computationalgeometry(e.g.,[Rou94). The analysisof plansrepresentinguilt en-
vironments,performedby program(ll) will focuson qualitatve aspectCBGG97],
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i.e., differentkindsof things,qualitative relationsbetweerines[AlI83] andqualitative
relationsbetweernregions[CBGG97. At theformallevel | will usealanguagebased
on the qualitative notion of boundarysensitve roughlocation[BS98] to describebuilt
ernvironmentsl amgoingto show thatthis notion providesthe basisfor the formal de-
scriptionof built environmentsandfor the evaluationof the complexity of navigation.

This paperis structuredasfollows. | startwith aninformal analysisof the ontolog-
ical makeup of built ervironments.In Section3 | shortly review the notion of rough
approximationsegionsandroughlocationof spatialobjects.Thesenotionsprovidethe
basisfor the formalization.In Section4 | give a formalizationof built ervironments.
Theconclusionsaregivenin Section5.

2 Built environments

In this papen useparkinglotsasarunningexamplefor built environmentsTheparking
lot domainis relatively simplebut its structureis rich enoughto studythe ontological
makeupof built ervironmentswhich is critical for a qualitativeformalization.An ex-
ampleof aparkinglot in abird’'s eye view is givenin Fig. 1.
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Fig. 1. An emptyparkinglot (left). Theparkinglot with invisible fiat boundariesnarked (middle).
The pathsystemof the parkinglot (right).
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2.1 Boundaries

Following [Smi95 | distinguishbona-fideand fiat boundariesBonafide boundaries
areboundariesn thethingsthemselvesBonafide boundariegxistindependentiyf all
humancognitive acts.They areamatterof qualitative differentiationsor discontinuities
of theunderlyingreality. Examplesaresurfacesof extendedobjectslik e cars,walls, the
floor of a parkinglot. Bona-fideboundariesare marked by bold solid linesin the left
andmiddle partsof Fig. 1.

[Smi9Y describediat boundariessboundariesvhich exist only in virtue of differ-
entsortsof demarcatioreffectedcognitively by humanbeings.Suchboundariesnay
lie skew to boundarief bona-fidesortasin the caseof the boundarief a parking
spotin the centerof a parkinglot, e.g.spots6-15in Fig. 1. They mayalso,howeveras
in the caseof a parkingspotat the outerwall of the parkinglot, involve a combination



of fiat andbona-fideportionssuchasawall atits backside,e.qg.,spots1-5and16-20in
Fig. 1.

Fiat boundariedik e the front boundarieof parkingspotsare not directly observ-
ablein reality but do neverthelessxist. Sincefiat boundariesare not percevable by
the senseghey needto be madevisible or the ervironmentmustforce all peopleto
percevethemin placeshedesignemwantedthemto be.In orderto make parkingspots
percevableby otherpeople theback,left, andright boundariesremarkedby (usually
white) paint(thethin solid linesin Fig. 1). Thefront boundaryof the parkingspotis not
marked but every humanbeingknows thatit is locatedon the straightline connecting
the endsof the left andright boundariesNon marked andhenceinvisible fiat bound-
ariesaremarkedby dashedinesin themiddlepartof Fig. 1. Plansof built ervironments
to be analyzedby programsatherby humanbeingsmustcontainall boundariesven
if they arenotdirectly obsenablein reality. Consequentlyplansof built environments
generatedy program(l) andanalyzedoy (II) mustlook like the middle partof Fig. 1
ratherthanlik e theleft part.

Considetthe parkinglot domain.Markedfiat boundariesfford people(in cars)not
to crossdespitethe factthatthereis no physicalbarrier Non-marledboundariesfford
crossingg.g.,thenon-marlkedboundaryof anemptyparkingspot‘invites’ youto cross
this boundaryandparkyour car at this spot(if thereis no othercarparkedyet). In the
designof built environmentsfiat boundariegindtheir barrierpropertieglay animpor-
tantrole. They provide animportantorganizationaktructureln this paper distinguish
barrierand non-barrierboundariesBona-fideboundariesare barrier boundariesFiat
boundariesnay be of barrier(from onesideor bothsides)or non-barriersort.

2.2 Spatial objectsforming built ervironments

Theclassificatiorof boundariegeneralize$o a classificatiorof objects.Bona-fideob-
jectshave a singletopologically closedbona-fideboundary(e.g., the building SB in
Fig. 1). Fiat objectshave fiat boundaryparts(e.g.,parkingspot1). Built ervironments
are populatedby bona-fideaswell asby fiat objects.Therearethreebasicclasseof
axiomsgoverningthe spatialobjectsin built environments:(O1) axiomsgovernings-
patial objectsof the sameontologicalkind; (02) axiomsgoverningspatialobjectsof
the different ontologicalkind; (O3) domainspecificaxiomscharacterizingouilt envi-
ronmentdik e parkinglots, airports,shoppingmalls, or city centersin theremaindet
call theaxiomsO1 — O3 ontologicalaxiomsor ontologicalconstraintonrelationsthat
canhold betweerobjectsin built environments.

The mainaxiomin group O1 is that spatialobjectsof the sameontologicalkind
cannotoverlap[CV95]. For example bona-fideobjectslik e carsandwalls cannotover-
lap. Fiat objectsof the samekind like parkingspotscannotoverlapeither This axiom
needsefinementegardingoverlapof boundaryparts:Boundarypartsof fiat objectsof
thesamekind canbeco-locatede.g.,co-locatedboundarypartsof neighboringparking
spots.Boundarypartsof bona-fideobjectscannofSV99].

The main axiom in group O2 is that spatial objectsof different ontologicalkind
canoverlap[CV95]. This is not a constraint.lt rathersaysthatin generalthereare
no ontologicalobjectionsagainstobjectsof differentkindsto overlap.However, there



areadditionalconstraintson relationsamongpartitionforming objects(to be discussed
below).

Therearefurther domainspecificaxioms,03, constrainingrelationsthat canhold
betweenobjectsof ontologicaldifferentkind in specificbuilt environments.Consider
the parkinglot domain.Thereare carsand parking spots.Parking spotsare suchthat
carscanbe parkedin them.Parkinglots arealsoformedby objectslike blockedareas
andresened parkingspots(e.g., By and R; in Fig. 1). Examplesfor domainspecific
constraintn relationsbetweerobjectsin parkinglots are: (S1) Carsaresupposedo
keepblocked areasclear; (S2) Regularcarsshouldnot be parkedin resened parking
spots;(S3) Carsshouldbe parkedwithin parkingspots.

Regardingdomainspecificconstraintsn O3 it isimportantto noticethatconstraints
involving objectsof ontologicaldifferentkind arewealer thanthe constraintdbetween
bona-fideobjects,constraintdbetweerfiat objectsof the samekind. Thelaws of logic
prohibit objectsof ontologicalsamekind to overlap.Laws of physicspreventbona-fide
objectsfrom sharingboundaryparts.Constraintgnvolving fiat objectsof ontological
differentkind arebasedon socialrulesand agreemenaind may be violatedin certain
situations.For example,you candie if you try to drive througha wall. You only get
chagedwhenyou are parking on a resered parking spot. The differentcharacterof
constraintswill play animportantrole in theformalizationin Section4.

Besidesthe (fundamental)distinction betweenbona-fideand fiat objectsl distin-
guishtwo kinds of objectsin built environments:(regional) partition forming objects
andnon-partitionforming objects.A regional partitionis a setof regions,which mem-
bersintersectonly at their boundarieg P1) and,asa whole, sumup the whole space
(P2). Partition forming objectsare spatialobjects,which form a regional partition of
theunderlyingspace.

Considerthe parking lot domain. The partition forming objectsform a regional
partition of the threedimensionalparkinglot. Eachof thoseobjectscanesout three
dimensionalregions of the parkinglot but thereis no ‘no man’s land’ and no ‘dou-
ble occupation’.Partition forming objectsare,for example parkingspots traffic lanes,
sidewvalks, blocked areaskeepingfire exits clear, walls, pillars, andothersmore.Parti-
tion forming objectsmaybeof bona-fidg(pillars or walls) or of fiat sort(parkingspots).

Non-partitionforming objectsoverlappartition forming objectsof ontologicaldif-
ferentkind. Non-partitionforming objectsmay be of bona-fideor fiat sort. Consider
the parkinglot domain.Examplesfor non-partitionforming bona-fideobjectsarecars
andpeople Exampledor non-partitionformingfiat objectsaresmokingareasn public
placesthevisualfield (VF) in agivenlocationor ‘the entrancearea’,EN, or the ‘exit
area’,EX of aparkinglot (Seemiddle partof Fig. 1).

Theformalizationpresentedh this papemwill bedealingwith 2-dimensionabbjects
in 2-dimensionakpace|.e., with orthogonalprojectionsof threedimensionalbbjects
ontotheground.Consequentlyartitionforming objectsform regional partitionsof the
plane.In this context | amassumindhattheprojectedbbjectsinherit’ theontologically
significantpropertiesof their originalsaswell asthe barrierandnon-barriemproperties
theboundarie®f their originals.



2.3 Movement

An importantaspectof the distinction betweenpartition forming and non-partition
forming objectsis that the partition structureis static and that non-partitionforming
objectscanmove (like cars),or shrinkandgrow (like the visual field). Objectsmove
alongpaths A pathis asequencef locationsoccupiedatconsecutie momentof time,
which correspondso continuougmovement.

Considerthe parkinglot domain.lt is the purposeof a parkinglot to let carspark
within parkingspots.In orderto fulfill this purposejt mustbe possibleto move a car
fromtheentrancedo afreeparkingspot.Thatis: (i) Theremustexistapathof movement
to afreeparkingspotwithoutviolationof 01 — O3. Thiswill be calledthe moveability
axiom, M, of abuilt ervironment.(ii) It mustbe possiblefor ahumanagentin acarto
find this path.Checkingthe existenceof pathsis aninstanceof problem(1). Deciding
whetheror notit is possible difficult, or easyto find anexisting pathis aninstanceof
problem(2). In this paperl focuson problem(1). This providesthe basisfor solving
problem(2).

3 Approximating regionsand relations betweenapproximations

In this sectionl shortly discussthe formal notions neededin the remainderof this
paper Thesenotionswereoriginally introducedn [BS98 and[BS0Q. For anextended
discussiorseealso[Bit99].

3.1 Approximations

Supposeve have a spaceR of detailedor preciseregions.By imposinga partition, G,
on R we canapproximateelementof R by elementf £2,,%*“. Thatis, we approx-
imateregionsin R by functionsfrom G x G to theset(2,; = {fo, fbo, pbo, nbo, no}.
Thefunctionwhich assigngo eachregionr € R its boundarysensitve approximation
isa: R — 2,9%Y. Thevalueof (ar)(g1,g2) is fo if » coversall of the cell gy, it
is fbo if » coversall of the boundarysegment, (g1, g2), sharedby the cell g; and g,
andsomebut not all of the interior of ¢, it is pbo if » coverssomebut not all of the
boundarysggment(g; , g2) andsomebut notall of theinterior of ¢, , it is nbo if » does
notintersectwith boundarysggment(g;, go) andsomebut notall of theinterior of g,
andit is no if thereis no overlapbetween andg, . Considetthevisualfield, V F', in the
parkinglot in Fig. 1. The graphof the mappinga(V F') containsthefollowing tuples:

(9i,9)||(B1, MR)|(B1, PS1)|(B1, W)|(PS1, B1)|...|(PS1, W)]. ..
w || pbo | fbo | pbo [ fo [...] fo

Eachapproximateregion X € 2;,,%*¢ standsfor a setof preciseregions,i.e., all

thosepreciseregionshaving the approximationX . This set,[ X], providesa semantics
for approximateregions:[X] = {r € R | ar = X}. In theremainderl usethe

notion boundarysensitiveroughlocation, (loc o) = (a5 o r)o in orderto referto the

approximatiorof the (exact) regiont, (o), of theobjecto with respecto anunderlying

partitionG.

! Theregion of spacet exactly occupies.



3.2 Relationsbetweenapproximations

In thedomainof regionswe distinguisha setof 8 well known binarytopologicalrelation
betweerspatialregions,the RCC8[CBGG97]relations.

We distinguish the relations DC(z,y) .
EC(z,y) \

(disconnected), (externally
connected), PO(xz,y) (partial overlap), O»QH©< O

TPP(z,y) = TPPi(y, ) (tangentialprop- SN
er part), NTPP(z,y) = NTPPi(y,z) Q=0
(non-tangentiaproperpart),and EQ(z, y). DCky) EC(y) POy TPP(uy)  NTPP(xy) EQ(xy)

In the remainden usethe notion RCCS8 in orderto referto this setof relations.The
elementsf the setarejointly exhaustve andpairwisedisjoint [CBGG97 andform a
lattice with respectan orderingrelation < [BS0(. Possiblegeometricinterpretations
andtheorderingrelation(R; < R» is indicatedby anarrow from R; to R») areshavn
in thefigureabove.

Let X andY beboundarysensitve approximations|BS0Q shavedthatthereexists
amapping

T 2,979 x 2,,9%¢% &  RCC8 x RCC8

suchthat?(X,Y) = (RS, RS,,,) if andonly if (1) RS, (z,y) is theleastRCC8
relationthatcanhold betweenz € [X] andy € [Y], (2) RS ,.(z,y) is the greatest
RCC8relationthat canhold for z andy asabove, and (3) for eachR with RS, <
R < RE,,, therearez € [X] andy € [Y] suchthatR(z,y), where< is theordering
shavn in the figure above. For detailssee[BS0(. In theremainden usethe notions
R3 .. (X,Y) in orderto referto theleastrelationand RS, .. (X, Y’) in orderto referto

the greatestelationthatcanhold between: € [X] andy € [Y7].

4 Formalizing built environments

Formally, built ervironmentshave threemajor componentsThe layoutof the built en-
vironment,which is formedby the partitionforming objects;A systemof pathsalong
which non-partitionforming objectscan move within the layout of the built environ-
ment;A setof possiblesituationswherea situationin abuilt environmentis thelayout
of the environmentanda setof non-partitionforming objectspopulatingit in a given
momentof time.

Situationsneedto obey the ontologicalaxioms,01 — O3 andthe partitionaxioms,
P1— P2. Furthermoredhey needto besuchthatthe non-partitionforming objectspopu-
latingtheenvironmentcouldpossiblyhave beenmovedinto thelocationthey arein this
situation(axiom M). In this sectionl give axiomsfor situationsin built ervironments.
Theseaxiomstake into account:(1) The distinctionbetweerbona-fideandfiat object-
s; (2) Thedistinctionbetweerpartitionforming andnon-partitionforming objects;(3)
The differentstrengthof constraintson relationsinvolving bona-fideandfiat objects.
Formally, the axiomscharacterizinguilt ervironmentsaregivenin termsof boundary
sensitve roughlocation.



4.1 Formalizing ontological constraints

Bona-fideobjectsdo not overlap and do not have co-locatedboundaryparts.Let oy
ando, be bona-fideobjects,i.e., 01,0, € BF?. In termsof roughlocationwe define:
Fl(o1,00) = RS, ((locys 01), (locys 02)) = DC andpostulatevo;, 0o € BF
01 # 02 = F1(01,02). Bona-fideobjectscanbe locatedin a built ernvironmentsuch
that the minimal relation betweentheir exact regions, which is consistentwith their
roughlocation(loc,s 01) and(locys 02), is disconnected,e., DC(r(01),7(02)). There
cannotexist an ervironmentthatforcesbona-fideobjectsto be connected

Two bona-fideobjectscannotbe connectedvenif they sharethesameroughloca-
tion. In termsof roughlocationit is impossibleo postulatehatbona-fideobjectscannot
be connectedConsiderFig. 1 andimaginetwo carson the mainroad.Both sharethe
sameroughlocationandwe have R, . = EQ. In termsof roughlocationwe cannot
excludethepossibilityfor thecarsto beconnectedNoticetheimportantpoint: In terms
of roughlocationwe specifywhatanervironmentcannotdo to bona-fideobjectspopu-
lating or formingit - it cannotmake thembeingconnectedThe objectsthemselesare
governedby the underlyingtheoryof objects.

Fiat objectsof the samekind do not overlap but may have co-locatedboundary
parts.Let o; and o, be fiat objectsof kind ¢, i.e., 01,00 € F%4. In termsof rough
locationwe define:F2(o1,00) = RS, ((locss 01), (Iocys 02)) < EC andpostulate
Yoi,00 € F? : 01 # 0 = F2(01,09). Therecannotexist a built ervironmentthat
forcesfiat objectsof thesamekind to overlap.In termsof roughlocationit isimpossible
to postulatehatfiat objectsof the samekind cannotoverlap.Thisis the businesof the

theoryof objects.

Partition forming objects.Let o, ando, be bona-fidepartitionforming objects.In
termsof boundary-sensiteroughlocationwe define:F3(o1,02) = RS, . ((locys 01),
(locys 02)) = DC andpostulateVo;, 0o € BF : (01 # o9 andr(o1),r(02) €
G) = F3(o1,02). Dueto the underlying partition structurewe are able to pos-
tulate that partition forming bona-fideobjectscannotbe connectedThe largestrela-
tion that can hold betweentwo partition forming bona-fideobjectsis DC. We have
R .. = RS .. = DC.Consequentlypona-fideobjectscannotbe locatedat neighbor
ing partitionregions.

Let o; ando- be partition forming objectssuchthato; is of fiat kind andos is of
bona-fideor of fiat kind. Boundarypartsof thoseobjectsmay be co-locatedj.e., their
exactregionsmay be externally connectedEC. In termsof boundary-sensitie rough
locationwe define:F4(o1,02) = RS, ,.((locys 01), (l0Css 02)) < EC andpostulate
Yo, € F® Yo, € (F¥ UBF) : (01 # 0o andr(o1),7(02) € G) = F4(o0y1,02).
Dueto theunderlyingpartitionstructurewe areableto postulatehatpartitionforming
fiat objectscannotoverlap,i.e., the largestrelationthatcanhold betweerntwo partition

forming bona-fideobjectsis EC.

2 BF is afinite (but maybevery large) setof thingsthatcountasbona-fideobjectswith respect
to the definitionsgivenby [SV99].

% Two objects,0; ando, areconnectedr they arenot disconnectedle., (r(01), (02)) € DC.

4 F* thesetof fiat objectsof kind ¢ in the senseof [SV99].



4.2 Built environments

In this subsectiorl usethe constraintsdefinedabove in orderto describethe compo-
nentsbuilt environmentg(layout, pathsystemsituations)formally.

Thelayout of a built ervironmentis formedby a setof partition forming objects.
Formally, it is atriple L =< G,BFg,Fg >, whereG a setof regionsforming a
regional partition, BF is a setof partition forming bona-fiatobjects,and F; a setof
partition forming fiat objectssuchthat the following holdsto be true: (1) Vo1,02 €
BFg : 01 # 0y = F3(01,02); (2) Yo; € Fg,Vos € BFg U Fg : 01 75 0y =
F4(01,02); B)G = {r(0) | 0o € BEg} U {r(o) | 0 € Fg}; (4)\V G = T. Theseare
formal versionsof the partitionaxiomsP1 and P2, where\/ G = g1 V g2 V ...V gn,
g; € G andT istheuniversalregion,U, withouttheexterior, EX T, of theenvironment.

ThepathsystemLet 'Y = (V, E, h) be a directedversionof the dual graphof
the topologicalgrapl? of the regional partition, G®. Consequentlyevery vertex, v;,
correspond# apartitionelemeny; andh(e) = (v;, v,) refersto theboundarysegment
(gi,g;) 'looking’ from g; to g;'®. The path systemof the layout, I'L, is a sub-graph
[NC88] of 'Y = (V, E, h). ThegraphI'" = (V! C V, E' C E, 1') isdefinedsuchthat
theedgese’ € E', correspondo boundarysegmentsof partition-formingfiat objects
of non-barriersortin direction(g;, g;). ThevertexesV’ arethevertexesjoinedby those
edgesFor detailsse€[Bit99]. Considetheright partof Fig. 1. It shavsthepathsystem
of the parkinglot discussedn Section2. The long grey bar on the main roadis the
stretchedvertex correspondingdo the partition region occupiedby the mainroad.The
bold solid linesrepresentedgescorrespondingo non-barrietboundarysegments.The
arrows alongthe edgesshaw their direction.If thereareedgesor eachdirectionthen
thearrows areomittecP.

Path systemand movementLet r; (0) bethe exactregion of the objecto atmoment
t, let rr (o) be the setof all regionsat which o was exactly locatedwithin the time
interval T = (t1,t2), i.e.,rr(0) = {r:(0) | t1 <t < ta}, andlet \/ rr (o) bethesum
of all thoseregions.Let I'* = (V' E', i) bethe pathsystemof thelayout L. A path
within the pathsystemfrom v; tovs, I'E = (V" E", h'"), is a connectedsubgraph

of I'" beginningatv; andendingatw,. This pathis apathfor theobjecto, I“ULM)2 (0), if
andonlyif: (1) Ry, ;,, (e (V r7(0))), (@ V{vi | " (€") = (vi,v;)})) = NTPP, (2)
R'(e") = (vi,vj) = RS, ((a(\/rr(0))), (av;)) = PO. This saysthat (\/ 71 (o))
overlapsall regionsalongits path(2) andthat(\/ r(0)) is anon-tangentiaproperpart
of thesumof all partitionregionsalongits path(1).

Situations.A situationin a built ervironmentis a triple S =< L, BFs, Fs >,
whereL is thelayoutof the ervironment,BFs is a setof non-partitionforming bona-

® See[NC88] and[Bit99] for details.

® Boundary sensitve approximations,(loc o), correspondto labeled versionsof this graph
[Bit99].

" Multiple, disconnectethoundarysegmentsaredistinguishedy additionalindices.

8 In theremainder usewv; andg; synorymously

% In this paperl only considempartitionforming objectsaswholes In factpartitionforming ob-
jectshave partswhich arecavedout by fiat boundariesA pathsystemtaking partsof partition
forming objectsinto accountis muchbetterstructured.

10 Sincethew; referto partitionregionswe have RS,;,, = R%,....



fide objectsand Fis is a setof non-partitionforming fiat objects.The membersof both
setsarepopulatingL in situationS. In a situation$ the following holds:(1) Yoy, 02 €
BFsUBFg : 01 ;é 02 = F1(01,02); (2) V01,02 € Fg : (¢01 and¢oz ando; 7£
02) = F2(01,02); (3) Yo € BFys : Fﬁ%f%ﬁ%o)(o). Axioms (1) and(2) governthe
non-partitionforming objectsasdiscussedh thesection® and4.1.Consideaxiom(3).
Thesymbol EX T denoteghe‘The world exteriorto theervironmentZ’ and"FVEXT
is the graphrepresentinghe pathsystemof the environmentL with its exterior EXT'.

Consequentlﬂ“ﬁ%ﬂﬁi ’TTEO) (o) is apathfor theobject,o, from theexteriorto its current
location.Axiom (3) ensureghatfor eachnon-partitionforming bona-fideobjectwithin
theervironmentthereexistsapathalongwhichthis objectcouldhave beenmovedfrom
the entrancdo its currentposition. This is aformal versionof theaxiom M discussed

in Section2.

4.3 Specificbuilt environments

In Section2 we discussedhatdomainspecificconstraint®nrelationsinvolving objects
of differentkind arewealer thanconstraintdnvolving objectsof the samekind. They

canbeviolatedwithoutviolatingthelaws of logic or physicsj.e., it is possibleo violate
thoseconstrints Onthe otherhandthe built ernvironmentmustpermitthe satishction
of thoseconstraintsn orderto beanernvironmentof a givenkind.

Considera parkinglot with layout L. = (G, BFg, F) andthe informal axiom-
s S1 and S3 asdiscussedn Section2. Let PS C Fg be the setof parking spots
andlet BA C Fg the setof blocked areasof the parkinglot. Let CARS C BFg
be the setof carspopulatingthe parkinglot. We postulatei(1) Vo, € CARS, Vo, €
PS : max{R% . ((locys o1),(loCss 02)) | RS,,., € RCC8} = NTPP; (2) For
eachparking spot,0, € PS theremustexist a pathfor a caro, € CARS, i.e.,
Fﬁ%ﬂfgﬁog)(ol) = (V,E,h) , which keepsblocked areasclear i.e., Ve € E :
h(e) = (vi,vj) = —3ba € BA : r(ba) = v;.

Axiom (1) stateghatcarsneedto fit into parkingspots.Two remarksFirstly, (1) is
consistentvith 3o € CARS, 30, € PS : PO(r(01),r(02)), i.e., whenwe postulate
that a parkinglot mustbe suchthat carsdo fit into parking spotswe do not rule out
the possibilitythattherearecarsparkedacrossoundarie®f parkingspots.Axiom (1)
ensureghe possibility for carsto be parkedin parkingspots.Secondly statingaxiom
(1) in termsof roughlocationratherin termsof exactlocationhasthe advantagethat
we can effectively checkits satishction sincethereare only finitely mary different
roughlocationin abuilt environmentandwe have the calculusproposedyy [BS0( to
computethe possiblerelationships.

Axiom (2) statesthat it mustbe possiblefor carsto avoid blocked areas.Again
postulatingthis for an environmentdoesnot conflict with the fact that therecarsthat
drive throughor parkat blockedareas.

"Sincer(PS;) € G we have RS,, = RS, and hencemax{rcc8(o1,02) | rcc8 €
RCCS8} = NTPP.



5 Conclusions

Giventhattask1 and2 areto be performedby program(ll), therearethreemain ar
gumentsin favor of the formalizationof build ernvironmentsbasedon roughlocation
within ervironmentsn oppositionto the formalizationbasedon exactlocation of ob-
jects Roughlocationfocuseson the relationshipshetweenobjectsandtheir erviron-
ments;Concentratingon propertiesof the environmentallows to abstracthe different
charactepf constraintonrelationsbetweerthe differentkinds of objectsforming and
populatingit; The notionof roughlocationis qualitative in nature.

Firstly. Roughlocationfocuseson the approximatdocation of objectswithin re-
gional partitions.In built environmentsthe regional partitionsformedby the partition
forming objectsarethemainorganizationastructure They provide aframeof reference
within which non-partitionforming objectsare located.The notion of roughlocation
implicitly takesthedistinctionbetweerpartitionformingandandnon-partitionforming
objectsandthe organizationaktructureof the regional partitioninto account.

Whenwe describebuilt environmentsin termsof roughlocationthenobjectsare
seconcclasscitizens. Thefirst classcitizensaremappingsepresentinghe roughloca-
tion of objectswithin their environmentsThesemappingscanbe interpretedasequi-
alenceclasse®f objectssharingthe sameroughlocation.Sincebuilt ervironmentsare
formedby finitely mary partition forming objectsthereare only finitely mary differ-
entroughlocationswithin anervironment.Giventhe calculuspresentedn [BS0Q the
satishctionof theaxiomspresentedh this papercanbe checledeffectively.

SecondlyConcentratingon propertiesghat needto satisfiedby the (built) erviron-
mentallows to abstractfrom the differentcharacteof constraintson relationsbetween
spatialobjects The differentcharacteiof the constraintson relationsbetweenobjects
is dueto thefactthatthereareconstraintghatareenforcedoy the laws of logic, there
are constraintg¢hat are enforcedby the laws of physics,andthereare constraintshat
are enforcedby humancornventions.The laws of logic prohibit objectsof ontological
samekind andpartitionforming objectsto overlap.Laws of physicspreventbona-fide
objectsfrom beingconnectedConstraintsnvolving fiat objectsof ontologicaldifferent
kind arebasedon socialrulesandagreemenandmaybeviolatedin certainsituations.
An ervironmentmustpermit the satishction of all constraintdn orderto be an ervi-
ronmentof a givenkind independentlyf the characteiof the constraintshetweernthe
objectsforming or populatingit.

Thirdly. We assumed program(l) thatgeneratepotentialplansfor built erviron-
ments.It is fair to assumethat (I) is basedon standardalgorithmsof computational
geometry The outputof (1) is quantitatve andfocuseson metric knowledge.The pro-
gram(ll) extractsqualitatve knowledgeandbuilds a correspondindpoundarysensitve
roughlocationrepresentation.

Onemightask‘'Why do we needa qualitative descriptionif we have a quantitatve
geometricmodel?’. The answeris thatit is the purposeof (Il) to evaluatethe plan of
the environmentwith respecto axiomsspecifyingwhata plan of a built environmen-
t is AND with respectto the degreeit facilitateshumanway finding. (i) In orderto
capturethe essencef what a built environmentis one needsto abstractfrom metric
propertieof particularinstancesWhatabuilt environmentis canbedescribedn terms
of (qualitative) relationshipdetweerontologicallysalientfeaturesof the ervironment.



(i) Humancognitionis basedn processingjualitative ratherthanquantitative knowl-
edge Qualitative knowledgeaboutactualsituationsis basedon obsenationsof reality.
Consequentlythe questionis notwhetheror notto usethe quantitative descriptiorgen-
eratedby (1), but to derive qualitative spatialrelationsbetweenontolagically salient
featules,which correspondo relationsobservabléen reality from this description.This
is exactly what happensvhenwe describebuilt environmentsin termsof boundary
sensitve roughlocationsof objectsforming andpopulatingthem.

In this paper have shavn thatbasedon the notionof boundarysensitve roughlo-
cationtask(1) of program(ll) canbe performedj.e., it is possibleto decidewhetheror
notaconfiguratiorof linesin the planerepresenta built environmentusingtheaxioms
givenin Sectiond. |, furthermore shoved how to derive pathswithin a build environ-
mentsalongwhich non-partitionforming objectscanmove. This providesthe formal
foundationdor task(2), i.e., to evaluatethosepathswith respecto the compleity of
theway finding taskto be solvedin orderto navigatealongthem.Subjectof ongoing
researchin this context is to apply the modelfor the evaluationof the compleity of
wayfindingtasksproposedy [RE9S].
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