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Abstract

We consider the problem of how an agent creates a
discrete spatial representation from its continuous
interactions with the environment. Such represen-
tation will be theminimalone that explains the ex-
periences of the agent in the environment. In this
paper we take the Spatial Semantic Hierarchy as
the agent’s target spatial representation, and use a
circumscriptive theory to specify the minimal mod-
els associated with this representation. We provide
a logic program to calculate the models of the pro-
posed theory. We also illustrate how the different
levels of the representation assume different spa-
tial properties about both the environment and the
actions performed by the agent. These spatial prop-
erties play the role of “filters” the agent applies in
order to distinguish the different environment states
it has visited.

Introduction

In order to define thereferred modelassociated with the
experiences of the agent, we use a circumscriptive theory to
specify the SSH’s (minimal) models. Different models can
exist that explain the same set of experiences. This occurs
because the agent could associate the same sensory descrip-
tion to different environment states, or because the agent has
not completely explored the environment. The different SSH
levels assume different spatial properties about the environ-
ment and the actions performed by the agent. These spatial
properties play the role of “filters” the agent applies in order
to distinguish the different environment states it has visited.
For instance, at the SSH causal level two environment states
are considered the same if any sequence of actions started at
these states renders the same sequence of observations. At
the SSH topological level, two environment states are consid-
ered the same if they are at the same place along the same
paths. Finally, at the SSH metrical level, two environment
states are the same, if it is possible to assign to them the same
coordinates in any frame of reference available to the agent.
In sections 3 and 4 we make precise the claims above.

Finally, we use the SSH circumscriptive theory as the spec-
ification for a logic program used to implement the abduc-

The problem of map building —how an agent creates a distion task. In the paper we provide the logic program for the
crete spatial representation from its continuous interaction§SH causal level theory and illustrate how to encode the min-
with the environment— can be stated formally as an abdudmality condition associated with this theory. We have im-
tion task where the actions and observations of the agent agiemented the program using Smodélgemeti and Simons,
explained by connectivity relations among places in the enlggﬂ and confirm that the theory yields the intended models.
vironment[Shanahan, 1996, Shanahan, 1997, Remolina and
Kuipers, 1998 In this paper we consider the Spatial Seman-2 Related Work
tic Hierarchy (SSHJKuipers, 2000, Kuipers and Byun, 1988, The SSH grew out of the TOUR model proposefKmipers,
Kuipers and Byun, 1991as the agent's target spatial repre- 1977, Kuipers, 1978 Other computational theories of the
sentation. The SSH is a set .of distinct representations foéognitive map have been proposgidortenkampet al., 1995,
large scale space, each with its own ontology and each aljjcpermott and Davis, 1984, Leiser and Zilbershatz, 1989,
ferent states of knowledge that an agent uses in order to orggye use of multiple frames of reference, qualitative repre-
nize its sensorimotor experiences and create a spatial reprgantation of metrical information, and connectivity relations
sentation (i.,e. a ma_p). Using the SSH representation, navigamong landmarks. They differ in how they define what a
tion among places is not dependent on the accuracy, or ev@gndmark is, or the description (view, local 2D geometry) as-
the existence, of metrical knowledge of the environment.  ggciated with a landmark. Except for McDermott and Davis,
*This work has taken place in the Intelligent Robotics Lab at theON€ of th‘? thepnes above has a formal account like the one
Artificial Intelligence Laboratory, The University of Texas at Austin. Presented in this paper for the SSH. _
Research of the Intelligent Robotics lab is supported in part by NSF Considering map building as a formal abduction task has
grants IRI-9504138 and CDA 9617327, and by funding from Tivoli been proposed by Shanahfhanahan, 1996, Shanahan,
Corporation. 1997. He proposes a logic-based framework (based on the



circumscriptive event calculus) in which a robot constructsto represent the fact that the type of actais type Turn

a model of the world through an abductive process wherebwctions have associated a unique turn description, either
sensor data is explained by hypothesizing the existence, IdurnLeft turnRight or turnAround We use the predicate
cations, and shapes of objects. In Shanahan’s work, spaceT&:rn_desc(a, desc) to indicate thatlescis the turn descrip-
considered a real-valued coordinate system. As pointed oditon associated with the turn actian

in [Shanahan, 1997a problem of Shanahan’s approach is A schema represents an action execution performed by the
the existence of many minimal models (maps) that explair®gent in the environment. An action execution is character-
the agent's experiences. We have alleviated this problem byed in terms of the distinctive states the agent was qt before
considering the SSH topological map instead of an Euclideadnd after the action was performédWe use the predicate

space as the agent's target spatial representation. s,ds, a,ds') to denote the fact that according to schema

The problem of distinguishing environment states by out-> actiona was performed starting at distinctive stateand

; di . has b died hending at distinctive statés’. While schemas are explicit ob-
puts (views) and inputs (actions) has been studied in thg,c(s of our theory, most of the time it is convenient to leave
framework of automata theofBasyeet al, 1994. In this  them implicit. We introduce the following convenient nota-

framework, the problem we address here is the one of findinggn:

the smallest automaton (w.r.t. the number of states) consistent , ,

with a given set of input/output pairs. Without any particular (ds,a,ds’) Zaey 35 CS(s,ds, a,ds’)

assumptions about the environment or the agent’s perceptualds, type,ds') =4.5 Ja {(ds,a,ds’> A Action_type(a,type)}

E%?gg%pﬁg?dggs;g :If’ qg%lgg this smallest automaton is (ds,desc,ds'y =4e¢ Ja {(ds,a,ds') A Turn_desc(a,desc)}
The SSHKuipers, 2000, Kuipers and Byun, 1988, Kuipers Example 1

e_md Byun, 199.11 abstracts th? structure Qf an agents SPaconsider a robot moving in the environment depicted in fig-
tial knowledge in a way that is relatively independent of its ;.o 7 “The robhot moves from distinctive statéo distinctive
sensorimotor apparatus and the environment within which igtaten by performing a follow-midline actionml. Then the
moves. At theSSH control levelthe agent and its environ- rohot performs the same action to move to distinctive state
ment are modeled as continuous dynamical systems whosg We assume that all corridor intersections look alike .
equilibrium points are abstracted to a discrete satistinc-  This set of experiences can be described by the formulae:
tive statesA distinctive state has associatedewdescribing )
the sensory input obtained at that distinctive state. The conction-type(ml,travel) , CS5(sl,a,ml,b) , CS(s2,b,mlc) ,
trol laws, whose executions define trajectories linking thesé’iew(a,v+) , View(b,v+) , View(c,v+) .

distinctive states, are abstractedatttions giving a discrete

causal graph representation for the state space. The causal

graph of states and actions can in turn be abstracted to a topo- L o L o L o L o L o L OI__I?
logical network ofplaces pathsandregions(i.e. thetopolog- ' r1rr 1 1 H
ical map. Local metrical models, such as occupancy grids, (a) (b)

of neighborhoods of places and paths can then be built on the

framework of the topological network while avoiding global Figure 1: (a) Distinctive states, b andc are not distinguishable

metrical consistency problems. In the next sections we forat the causal level. Topological information is needed in order to

mally describe the SSH causal and topological levels. distinguish them. (b) All distinctive states are distinguished at the
causal level given the new informatidn, travel, d).

3 SSH Causal level _ _ _

Given this set of experiences, at the SSH causal level
We use a first order sorted language in order to describe th@istinctive statesa, b and ¢ are not distinguishable. Any
SSH causal level. The sorts of this language incldidéinc-  known sequence of actions renders the same set of views.
tive statesviews actionsandschemasThe sort of distinctive  However, at the SSH topological level all these distinctive
states corresponds to the names given by the agent to the figtates are distinguishable since the robot has traveleddrom
points of hill-climbing control strategies. It is possible for to b and then toc following the samepath (see example 3).
the agent to associate different distinctive state names witBhould the robot continue the exploration and visit distinctive
the same environment state. This is the case since the agefihted, with view T, then by relying just on known actions
might not know at which of several environment states it isand views the agent can distinguish all distinctive states it
currently located. A distinctive state has an associated vievhas visited (see example 2end of example
We use the predicatBiew(ds, v) to represent the fact that
Vv is aview associated witldistinctive statels. We assume The agent's experiences in the environment are described
that a distinctive state has a unique view. However, weato in terms ofCS View, ActiontypeandTurn_.descatomic for-
assume that views uniquely determine distinctive states (i.enulae. Hereafter we usé to denote a particular agent's
View(ds,v) A View(ds',v) /4 ds = ds'). Thisis the case €xperience formulae. BHS(E) we denote the formulae

since the sensory capabilities of an agent may not be suffi- LAn action execution also has metrical information associated

cient to distinguish distinctive states. with it. This metrical information represents an estimate of, for ex-
An action has a unique type, eithgavel or turn, asso-  ample, the distance or the angle between the distinctive states asso-
ciated with it. We use the predicatéction_type(a,type)  ciated with the action execution.



stating that the sorts of schemas, distinctive states, view€onsider the situation depicted in Figure 1b, with the
and actions are completely defined by the setsafema  corresponding schemas and views as in example 1. Using
distinctive statgsview and action constant symbols occur- |emma 1 one can conclude that all distinctive states
ring in E respectively By DT we denote our domain the- b and ¢ are distinguishable by actions and views alone.
ory, the formulae stating that: (-) the sefturn, trave},  For instance, {ml,mi}(a) = ¢ {mi,mi}(b) = d,

{turnLeft,turnRight,turnArounfi completely define the sorts View({ml, mi}(a),v+), View({ml,ml}(b),7), and con-
of action typesandturn_descriptions(-) an action has asso- sequentlyceq(a, b). {end of example

ciateg a unigue action typﬁ ; é—) distinctive states hgve ?]sso—
ciated a unique view; (-) the description associated with an .
action is uni?que; ) tu&r? actions haE)/e associated a turn de- 1he Herbrand models &f7'(E) are in a one to one corre-
scription; (-) the type of actions as well as the qualitative de-Spondence with the answer silfond and Lifschitz, 1991
scription of turn actions is the one specifiedBnThe SSH  of the logic program in Figure 2In this program, theX and
causal theonCT(E) defines when two distinctive states are Y variables range over distinctive states and the variéible
indistinguishable at the SSH causal level. We use the predanges over views ify. The sets of rules 4 and 5 are the facts
icate ceq(ds, ds') to denote this fact. We will assume that corresponding to the agent's experiences. Rules 6-8 require
actions areleterministic 3 ceq to be an equivalence class. Rules 8 and 9 are the coun-
' " r_ o terpart of axiom 2. Rule 11 is the counterpart of axiom 3.
(ds,a,ds) A (ds,a,ds™) = ds’ = ds™ . @ In order to define the maximality condition eéq, the aux-
CT(E) is the following nested abnormality thedtyifschitz, iliar predicatep(X,Y, X1,Y1) is introduced. This predicate

1999: reads aslf X andY were the same, thekil andY 1 would
) be the same” The predicatelist(X,Y) defines when dis-
CT(E) = E, HS(E), DT, Aziom1, CEQ-block tinctive states\ and?f are disting(uisha{:)Ie. Constraint 12 es-
whereCEQ_block is defined as tablishes the maximality condition e®q: ceq(X,Y) should
{ maz ceq: be the case unless andY are distinguishabl@.
ceq(ds,ds') — ceq(ds', ds),
ceq(ds,ds’) A ceq(ds',ds") — ceq(ds,ds"), {cs(ds,a,ds’) < . : cs(ds,a,ds’) € E} )
ceq(ds,ds') — View(ds,v) = View(ds',v), 2) {view(ds,v) < . : view(ds,v) € E} (5)
ceq(ds1,ds2)A(ds1,a,dsy) A{dsz,a,dss) — ceq(ds?, ds5)(3) :ii((’x}%?”;)cei(%’ Y)e -
} p(X,Y,X2,Y1) « p(X,Y,X1,Y1),ceq(X1, X2).

— p(X,Y,X1,Y1),ceq(Y1,Y2).

— p(X,Y,X1,Y1),es(X1, A, X2),cs(Y1, A Y2).
« p(X,Y, X1,Y1).

« p(X,Y,X1,Y1),p(X,Y,Y1,Y2).

It can be proved that the predicateqdefines an equiva-  »(X,Y, X1,Y2
lence relation on the sort of distinctive states. Axiom 2 states p(X, Y, X2,Y2
that indistinguishable distinctive states have the same view.»(X,Y, Y1, X1
Axiom 3 states that if distinctive statés andds’ are indis- p(X,Y, X1,Y2
tinguishable and actiomhas been performed for botl and
ds', then the action links these states with indistinguishable dist(X,Y) < p(X,Y, X1, Y1), view(X1, V), not view(Y1, V).
states. By maximizingeq we identify distinctive states that  dist(X,Y) < p(X,Y, X1, Y1), not view(X1, V), view(Y'1, V).

- = —= =

cannot be distinguished by actions and/or views, and thereby« not ceq(X, X). ®)
minimize the set of states represented by the model. + ceq(X,Y), not ceq(Y, X). Q]
Axioms 2 and 3 allow us to prove the following useful <« cea(X,Y),ceq(Y, 2), not ceq(X, Z). ®)
lemma: «— ceq(X,Y),view(X, V), not view(Y, V). 9)
Lemmal Let A denote a sequence of action symbols. Let ¢ ¢ed(X:Y), not view(X, V), view(Y, V). (10)
A(ds) denote the distinctive state symbol resulting of starting < "t c¢a(X1, Y1), ceq(X, ), es(X, 4, X1), es(Y, 4,Y'1). an
the sequencd at distinctive statels or L if A is not defined
for ds.4 Then, < not ceq(X,Y), not dist(X,Y). (12)

ceq(ds,ds’) A A(ds) #L NA(ds") #L
— View(A(ds),v) = View(A(ds"),v) .
Example 2 °See extended version of this padé&emolina and Kuipers,

- : _ 2001 for a proof.
That sort is completely defined by the constant symbols 6We have imp|emented this |ogic program in Smodejgmeb

Figure 2:Logic program associated with CT(E).

s1,...,Sn Means that an interpretation fasrt is theHerbrandin-  and Simons, 1997 In the implementation, one has to add variable

terpretation defined by the sfts, ..., sn}. domain restrictions to the different rules. For example, rule
3Throughout this paper we assume that formulas are universally

quantified. ceq(X,Y),nceq(X,Y) + .

4Given an action symbol and distinctive statés, A(ds) = ds’
if the schemdds, A, ds') has been observed, otherwigkds) =_1.
MoreoverA(L) =_L. The definition is then extended to action se- ceq(X,Y),-ceq(X,Y) « dstate(X),dstate(Y)
quences in the standard way. Notice thdtls) being well-defined
relies on our assumption that actions are deterministic (Axiom 1). wheredstate is our predicate to identify the sort of distinctive states.

becomes



4 SSH Topological Level (among others) that a minimum set of paths is preferred over

We are to define the SSH topological thed{I'(E), associ- & Minimum set of places. Next we discuss the axioms in
ated with a set of experiencés The language of this theory AT-block.

is a sorted language with sorts fptaces pathsandpath di-
rections’ The main purpose of' T'(E) is to minimize the |
set of paths and places consistent with the given experiences

E. A place can be #opological place(hereafter place) or a  t¢a(ds:ds') = 3p {cea(ds, ds') A at(ds, p) A at(ds,p) }, (14)
region A place is a set of distinctive states linked by turn ac- at(ds, p) — tplace(p), (15)
tions. A region is a set of places. We use the predidatase Jlpat(ds, p), (16)
andis_regionto identify these subsorts. A path defines an or- (ds, turn, ds') A at(ds, p) — at(ds', p), an
der relation among places connected by travel with Nno turnat(as, p) A at(ds', p) — turn_eq(ds, ds'), (18)
actions. They play the role of streets in a city layout. We use{min turn_eq : (19)

the predicatepathto identify the sort of paths. By minimiz-
ing the extent oftplace, is_region andtpath we minimize
the sort of places and paths respectielyhe language of

teq(ds, ds") A teq(dr, dr') A tZ7?L(ds'7 dr') — turn-eq(ds, dr),
turn-eq(ds, ds') A turn-eq(ds’,ds'") — turn_eq(ds,ds”) }

the SSH topological level includes the following other predi- along(ds’pa’dzr,) - tpa”f(m)’ , (20)
cates:teq(ds,ds’)- distinctive stategs andds’ aretopolog- ~ (4%:P) A at(ds’, @) Atravel(ds, ds) = e1)
ically indistinguishable;at(ds,p)— distinctive stateds is at 3pa, dir { PO(pa, dir, p, q) A along(ds, pa, dir) A along(ds', pa, dir) } ,
placep; along(ds,pa,dir)-distinctive statels is along path  along(ds, pa, dir) A along(ds, pal, dirl) — pa = pal, 22)
pa in direction dir; OnPath(pa,p)-placep is on pathpa; at(ds,p) A at(ds', p) A along(ds, pa, dir) A (23)
PO(pa,dir,p,q)-placep is before place when facing direc- along(ds', pa, dir) — teq(ds, ds'),
tion dir on pathpa (PO stands for Path Order). ,

TT(E), ispthez;oll(owing nested abnormality)theory: {(as. turn.dese, ds') A turn.desc # turndround e4)

Vp, tplace(p) = ﬂis_region(p) ,Vpa, tpath(pa) , (13) along(ds, pa, dir) A along(ds', pal, dirl)} — pa # pal,

{min is_region : (ds, turnAround, ds') — along(ds, pa, dir) = along(ds', pa, —dir), (25)
CT(E) ,T block , AT -block }
PO(pa, pos,p, q) = PO(pa, neg, q,p), (26)

The first line in Axioms 13 says that topological places and —PO(pa, dir, p, p) @7)
regions are the two subsorts of places, and that the predicatgo(pa dir 1; o

tpath represents the sort of paths. The bI&K(E) is the PO(pa, dir. p. Z; :2%:;125,3 — POpa dir.p,r), Zg
one defined in the Er\EVIOU/S}\SECtIOI’l. 1;he bId’chIock/d\e— OnPath(pa, p) A OnPath(pa, g) A tpath(pa) — (30)
fines the predicateSirn, travel, andéravel such thaturn 3ds, ds' {at(ds, p) A at(ds', q) A travel_eq(ds, ds')},

is the equivalence closure of the schemasurn, -); travel {min traveleq : @31
andtravel are the equivalence and transitive closure of the  ieq(ds, ds') A teq(dr, dr') A travel(ds', dr') — travel_eq(ds, dr),
SChema$" travel, > travel-eq(ds,ds') A travel-eq(ds’,ds") — travel-eq(ds,ds'") }

The blockAT _block (Figure 3) is the heart of our theoty.
The purpose of this block is to define the extent of the prec&—
icatestpath, tplace at, along PO andteq, while identifying
a minimum set of places and paths that explginrhe block

circ tpath = along > PO = OnPath = tplace var SSprred

has associated the circumscription potfty Figure 3:AT _block.
circ tpath = along > PO > OnPath = tplace var SSprred
whereSS}fpred stands for the tuple of predicates teg, Predicateeq is the equivalence relation defined by axiom

travelLeq andturn_eq®! This circumscription policy states 14- teq(ds, ds') is the case whenevets andds’ cannot be
— ] distinguished by views and actions (i.eeq(ds,ds')) and
The sort of directions is completely defined by the symipois it is consistent to grouds andds’ into the same place. If
an%?\le%. that our lodic h < fo doathebut in ord we assume that views uniquely identify distinctive states (e.g.
olice that our 1ogic has sorts ipracesancpatnsutIn oraer vz, (qs V) A View(ds', V) — ds = ds'), then predicates

tszrr]r:ilrr]ugn:lhzeent]hese sorts we have to explicitly have predicates repre&eq andteq will reduce to equality. This is expected since all

9Notice that the predicatés_region is not mentioned in the that is required to identify a distinctive state is its view.

theory of figure 3. In the next section we will add to this theory ~Every distinctive state is at a unique place (Axiom 16).
axioms dealing with regions. For the purpose of this section, thaVhenever the agentirns, it stays at the same place (Axiom

minimization of is_region in conjunction withVp, tplace(p) = 17). Distinctive states grouped into a topological place should

—is_region(p) implies (the defaultyp tplace(p). beturn connected (moduléeq) (Axiom 18). Travelactions
The symbol>- indicates prioritized circumscription (sékifs- among distinctive states are abstracted to topological paths

chitz, 1994 section 7.2). connecting the places associated with those distinctive states

*'Block 19 in Figure 3 states that the predicatern_eq corre-  (Axiom 21). A distinctive state is along at most one path (Ax-
sponds to the relatioturn moduloteq. Block 31 define¢ravel.eq  jom 22). At each place there is at most one distinctive state
to be the relatiortravel moduloteg. along a given path direction (Axiom 23). Turn actions other
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Figure 5: (a) The robot goes around the block visiting places

Figure 4:The environment in (a) illustrates a case where different4, .. F,C in the order suggested in the figure. IntersectiBnand

paths intersect at more than one place. (b) depicts the topologica ook alike to the agent. Two minimal models can be associated

map associated with this environment. with the set of experiences in (a) (see (b) and (c)). Topological infor-
mation is not enough to decide whether the agent is baékdaoC'.

thanturnAroundchange the path the initial and final distinc- Notice that if the agent acc_umulates more information, by turning
tive states are at (Axiom 24)YurnAroundactions relate dis- atc and traveling tod, then it can deduce that the topology of the
tinctive states being in the same path but opposite directiongﬁwronrr_\ent is the one in (b). In adlelon, when available, metrical
(Axiom 25). The order of places in a given path direction iginformation can be used to refute the incorrect topology.

the inverse of the order of places in the other path direction

(Axiom 26). Axioms 27 and 28 requirBO(pa, dir,,-) 10 |eft of a path, we deduce no boundary relation (see Figure 6).
be a non-reflexive transitive order for the placepanPlaces
ordered by a path should belong to that path (Axiom 29). Ax-
iom 30 requires the agent to have traveled among the places
on a same path.

Our theory does not assume a “rectilinear” environment
where paths intersect at most in one place. It is possible for
different paths to have the same order of places (see Figure
4). Topological information can distinguish distinctive states
not distinguishable by view and actions. (@) (b) (c)

Example 3 Figure 6: Different environments illustrating how our default to

Consider the scenario of example 1. Since the same vie@etermine boundary relations works. In (a), we conclude by default
is experienced a, b andc, the extent okeq is maximized that placeCis to the left of the path fronA to B. In (b) we conclude
by declaringceq = true. Using the topological theory, nothing about the location of pladwith respect to the path from
from axiom 16 we conclude that there exist pladgsand  AtoB. In(c), we conclude that pladis to the left of the path from
Q, such thatat(a, P) and at(c,Q). Since it is the case AtoB. This is the case since there is no information to conclude

that travel(a,c), from axioms 21 and 27 we conclude, Oihenvise
for instance, that? # (. Distinctive states: and c are

topologically distinguishable though they are “causally We . use the ‘ predicates
indistinguishable” (i.e. ceq(a,c) A —teq(a,c)). {end of TotheRightOf/TotheLeftO f(pl,pa,dir,pal,dirl)
examplé to represent the facts that @)L is aplaceon both pathspa

andpal, and (ii) when the agent is @lace plfacing in the
Given a minimal modeM of TT(E), the SSH topological directiondir of pa, after executing a turn right (left) action,
map is defined by the extent ¥ of tpath tplace along PO  the agent will be facing on the directiatirl of pal (see
andat. Since the positive and negative direction of a path ard-igure 7). The predicatékthelLeftOfand TotheRightOfire
chosen arbitrarily (Axiom 21), there is not a unique minimal derived from the actions performed by the agent at a place:
model forTT(E). We will consider these “up to path direc-
tion isomorphic” models to be the same. However, it is still

. ds,t ight,dsl t(d l d. di 32
the case that the theofyT'( E') has minimal models that are (ds, turnRight, ds >,/\a (ds,p) Na ?ng( > P W),/\ ( :
not isomorphic up to path direction (see Figure 5). along(dsl, pal,dirl) — TotheRightOf(p, pa, dir, pal, dir1)

. We use the predicatesLeftOf(pa,dir,lr) and
5 SSH Boundary Regions RightOf(pa,dir,rr) to denote thatregion Ir (rr) is
In addition to connectivity and order among places and pathdn€ I€ft (right) region of pattpa with respect to the path's

directiondir. The left/right regions of a path are unique,

the topological map includes topological boundary relationsdisjoint, and related when changing the path direction (i.e

assertions that a place Iie_s to the right of, to_the left of, or ON.¢ #t0 f (pa, dir,r) = RightOf(pa,—dir,r)). From the

a path. In order to determine boundary relations we formallye|ative orientation between paths at a place, we deduce the
state the following default heuristic. Suppose the agent is &elative location of places with respect to a path (see Figure
an intersection on a given path, and it then turns right. If they): 12

agent now travels, any place it finds while traveling with no

turns will be on the right of the starting path. When conflict- Tothe RightO f (p1, pa, dir, pal, dir1) APO(pal, dirl, p1,p) A

ing information exists about whether a place is to the right or  RightOf(pa, dir,rr) A =Ab(pa,p) — in_region(p, rr) (33)



Pa, dir P |dst Q P Q

Pal, dirl = U8 Pa
p Pa tds4

Po P=R Q Fb

_Pa
° R \PE/Q Q R

Figure 7:PathPalis to the right of patiPaat placepl. Placepis b
after placepl on pathpal By default, we conclude that plages (@) (b) ©
to the right of pattpa

Figure 8: (a) The figure shows the sequence of actions followed
by an agent while navigating a square room. Starting at distinctive

The predicaté\b is the standard “abnormality” predicate State dsl, distinctive states are visited in the order suggested by their
used to represent defaults in circumscriptive thedliefs- number. Dashed lines indicate Turn actions. Solid lines indicate
chitz, 1994. Axiom 33 states thatnormally” , if at place  Travel actions. (b) and (c) depict the topological map associated
pl pathpalis to the right of pathpa, and placep is after  with the environment in (a) without and using boundary regions,
pl on pathpal, then it should be the case thats on the  respectively.
right of pa(Figure 7). In order to capture this default, bound-
ary regions domain theory axiofisare added to the block _ i
AT _block (see Figure 3). Since we are interested in the exterflsl, ds3 and ds5 respectively. From Axiom 21, lePa,
of the new predicates_region, LeftOf RightOf TotheLeftOf Pb, dir, and dir, be such thatPO(Pa,dir,,P,Q),

andTotheRightQfwe allow them to vary in the circumscrip- along(ds2, Pa, dir,), along(ds3, Pa, dir,),
tion policy. The new circumscription policy becomes PO(Pb,diry,Q, R), along(ds4, Pb, diry), and
. ) . along(ds5, Pb,diry) hold.  From Axiom 32 we can

circ tpath - along > PO = Onpath = Ab - Is.region conclude therTotheRightOf(Q, Pa, dira, Pb, diry). In
in_region - ¢place var newSSHpred the proposed model, the extent &b is minimized by
declaring Ab = false and consequently from Axiom

where nengHpred stands for the tuple of predicates 33 we concludein_region(R, right(Pa, dir,)) where
at, along teq , traveleq turneq LeftOf, RightOf,  .;,pt(Pg, dir,) denotes the right region dta when facing
TotheLeftOf, andTotheRightOf. The circumscription pol- ;.. Finally, since a path and its regions are disjoint, and
icy states that boundary relations should be established VRN Path(Pa, P) is the case, we conclud® # R and so

at the expense of having more places on the map. In additiony ;¢4(4s1, ds5). The resulting topological map is depicted
by minimizing the predicateis_regionandin_region we re- Figure 8c.{end of example

quire the models of our theory to have only the regions that

are explicitly created by the agent, and not arbitrary ones. | the agent's sensory capabilities are so impoverished that
Example 4 many distin(;tive states are perceiyeq to pe similar, then metri—
) i L . calinformation could be used to distinguish different environ-
Boundary relations determine distinctions among environment states. Figure 9 summarizes different representations an

ment states that could not be derived from the connectivitygent could build depending on the spatial properties it relies
of places alone. Consider an agent visiting the different corgp.

ners of a square room in the order suggested by Figure 8a.

In adqmop, suppose the agent definesvsby charactenzmg ? Conclusions

the direction of walls and open space. Accordingly, the agen ) ] ) o

experiencefour different viewsy1-v4 in this environment.  Starting with an informal description of the SSH we have

The set of experiencdsin the environment are: formally specified its intended models. These models corre-
spond to the models of the circumscriptive thediyE). The

View(ds1,v1) View(ds2,v2) View(ds3,v1) formal account of the theory allows us to illustrate the de-

View(ds4,v2) View(dsb, v1) (ds1,turnRight,ds2) ductive power of the different SSH ontologies. For instance,

(ds2,travel,ds3) (ds4,travel,ds5) {(ds3,turnRight,ds4) example 4 shows how the use of boundary relations allows

Suppose that the agent does not use boundary regions wh agent to determine distinctions among environment states
building the topological map. Then the minimai topological at could not be derived from the connectivity of places and

model associated witE has two pathé and two places. In paths alone. . . -
this modelzeq(ds1, ds5) is the cage. The enviror?ment looks ,_The theonyTT(E)is rather complex so it may be difficult to

perfectly symmetric to the agent (Figure 8b).!! determine the effect of the different defaults in combination.

Suppose now that the agent relies on boundary regioné—!owever, itis possible to translate this theory into a logic pro-
: : - gram whose answer sets determine the modelsTgE). We
Let P, Q R be the topological places associated Wlthhave illustrated the case for the SSH causal th€3rE), but
2The predicatén_region(p,r)states thaplacep is inregionr. the same techniques apply f6F (E). The major subtleties in
13In the spirit of axioms 32-33. the translation are the minimality and maximality conditions
“Notice that from(ds3, turn.Right, ds4) and Axiom 24 we can  associated with the theory. We have used Smodels to calcu-
deduce thaPa # Pbin Figure 8b. late the models of T(E) and confirm that the theory yields
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