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Abstract In this paper, we demonstrate the use of qualitativ e spatial modelling as the
foundation for the conceptual representation of route instructions, to enable robust human-
robot interaction on navigation tasks. Our conceptual model is motiv ated by empirical
studies on route navigation, and combines Qualitativ e Orientation Calculi for spatial rea-
soning using directional orientation information and topological maps for structuring route
segments and routes. Moreover, we present a formal de�nition of the conceptual model using
the algebraic speci�cation language CASL for syntactic and semantic checking, consistency
checking and veri�cation. Finally , we intro duce a generic route graph concept and its formal-
ization. The instantiation of the generic route graph at di�eren t abstraction levels provides a
formal foundation for linking the conceptual model to a global environment map used by an
intelligent robot, e.g., a semi-autonomous wheelchair, to carry out human navigation tasks.
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1 In tro duction

Route navigation instructions allow oneagent to instruct another to navigate
to a particular location within their shared environment. While robotic agents in
the near future may have accessto extremely detailed environmental descriptions
through technological application (e.g., GPS, a-priori mappings), the need for an
arti�cial agent to be capable of processingroute instructions remains an interesting
research question for a number of reasons. Firstly , and arguably most importantly ,
cooperation with na•�ve users in natural interaction (e.g., route instructions), rather
than forced goal selection through other means (e.g., hierarchical list selection), is
expected,especially for personalservicerobots. Furthermore, disparities betweenthe
robot's spatial representation and the ever-changingworld are always possible,thus it
is necessaryto open up the capability of adding route instructions to goalswhich were
not previously known to the robotic agent. Our major research aim here is natural
and robust communication between humans and robots on spatial navigation tasks,
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for example,dialoguesbetweena driver and the Bremen semi-autonomouswheelchair
Rolland [18;19].

Mo delling and in terpretation of route instructions have been addressed
from a number of di�eren t research perspectives. In the spatial cognition and cog-
nitiv e modelling communities, a great deal of e�ort has beenapplied to the analysis
of route instructions as a re
ection of a speaker's cognitive map (e.g., [55,13,58,16]).
While such approachesare motivated by the way humans conceptualizeand describe
spatial information, they are often somewhatabstracted from the detail required for
on-line computational analysis. On the other hand, some authors in the robotics
communit y have attempted to processroute instructions as procedural information
without referenceto any explicit spatial representation [20;25]. In practice however,
concrete robotic systemsuse very detailed spatial representations and computation
processesthat operate at a �ner level of granularit y than those models proposedby
the cognitive modelling communit y[44;6;50] , but little work has beendone to date on
unifying such approacheswith cognitive spatial representation and languageprocess-
ing e�orts.

In Qualitativ e Spatial Reasoning there are two major research directions:
approaches basedon spatially extended objects (e.g., regions[34;7;38] or intervals[1] );
and reasoning about the directions and distances of point con�gurations. Several
empirical studies show that the critical elements of the spaceof navigation are land-
marks and paths, links and nodes (e.g., [46,8,4,43]),where points and their connec-
tions play a more important role, thus they have beenextensively used to represent
and reasonabout various human navigation tasks. Two important examplesof the
point-based approach are the Cardinal Direction calculus[10] using orientation grids,
and the Double-Crosscalculus[13;58] basedon relative orientation information. In the
last ten years,several variants and extensionsof thesetwo calculi have beenreported
(cf. [11,21,37,58,27]).

Routes, on the other hand, are a concept commonly used when dealing with
human spatial navigation activities (cf. [56,15]). A route from one place to another
consistsof a sequenceof decisionpoints (places),which are identi�ed by salient land-
marks. Instead of providing a particular way for making decisions,the route graph
concept focuseson the integration of routes into a graph-like structure and on the
acquisition of new route knowledge. Thus, modelling human navigation knowledge
requiresthe representation and reasoningof humans' qualitativ e orientation activities
to make decisions,and of their topological knowledge about places, route segments
and routes. In this paper, we present a model, which combines qualitativ e spatial
orientation calculi (e.g., the Double-Crosscalculus[13;58]) with route graphs (e.g., the
Route Graph[56;15] ).

Quan titativ e and qualitativ e lev els. Following the main idea of Kuip ers'
Spatial Semantic Hierarchy (SSH)[17] , that navigation spaceconsistsof multiple in-
teracting representations, both qualitativ e and quantitativ e, besidesthe qualitativ e
model of humans' spatial navigation knowledge,a global quantitativ e (or metric) map
is useful for the robot to carry out spatial activities (e.g., moving from oneplaceto an-
other, or reorientating itself ). However, a quantitativ e representation with numerous
metric data is in generallesse�cien t for planning and reasoningand can be expensive
and error-prone to create. Therefore, e�cien t and robust interaction requires both
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levels of representation of spatial knowledge,and a well-de�ned mapping concept. In
our wheelchair scenario, a Voronoi graph based topological map with metric infor-
mation is used[15;42] , and a set of fuzzy functions is de�ned to interpret human route
instructions. Krieg-Br •uckner et al. in [15] developed a uni�ed concept for de�ning
route graphs at a variety of abstraction levels, thus providing a formal framework to
link the conceptual model to the global quantitativ e map.

Formalizing the conceptual mo del of human navigation kno wledge is
an additional objective of this research. We hypothesize that the spatial concepts
in the conceptual model can be de�ned as a set of axioms that are formalized as
algebraicspeci�cations. In this paper, the conceptualmodel, including relevant types,
operations and predicates, will be speci�ed using the formal speci�cation language
Casl [2;31;32] . With the help of somesoftware tools, it then becomespossibleto check
the consistencyand verify the properties of the conceptual model.

Structure of the pap er. We begin in Section2 by reviewing empirical studies
involving the presentation of route instructions to arti�cial communicating partners.
After intro ducing the route graph model and the Double-CrossCalculus in Section
3, we present our conceptual model in Section 4, which combines the route graph
model and the Double-Cross Calculus to represent and reason about human route
instructions. The formalization of the conceptualmodel in the algebraicspeci�cation
languageCasl is then given in Section5. In Section6 we intro ducea genericconcept
of route graphs and its formalization in Casl . Based on the generic route graph
concept we then show how to link the conceptual model to a quantitativ e map. We
compareour research with related work in Section 7, and concludein Section 8.

2 Empirical Studies on Route Na vigation

In the last decade,a number of research initiativ es on communication between
peopleand intelligent robots usingnatural languagehavebeenreported. Among them
are several studies that concern navigation tasks (e.g., [20,4,43]). The Instruction
Based Learning (IBL) project[20;4], for example, concentrated on navigation tasks
in a miniature outdoor environment, with emphasison the robot's route learning
by human verbal instructions. In this section, we analyse a corpus collected in our
research center, which is used in the following sectionsto investigate the qualitativ e
modelling of route instructions. After intro ducing the corpus, we will discusssome
empirical results in detail.

2.1 Telling Rolland Where to Go

The corpus discussedhere was obtained in an empirical study to investigate
natural languagein communicating with robots about spatial concepts,such as route
navigation and spatial relations between objects[47;9;43] . 23 German and 6 English
native speakers took part in the study.

The experiment participants were seatedon the wheelchair Rolland and asked
to move around in a university building that they know well, and explain important
places(landmarks) to Rolland. The participants believed that Rolland understood
what they said and completed its internal map using the information they gave. In
the following experimental phase,the participants were asked to instruct Rolland to
navigate to a speci�c place,where they had beenpreviously, for example,the \Stuga-
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Raum" (student-union room). In this phase the participants produced in-advance
route instructions with \Stuga-Raum" asthe goal, i.e., the participants gavecomplete
route descriptionsbeforethe trip, instead of incremental ones. The information given
to the wheelchair in the previous phasewas applicable in this phase. At this point,
a number of communication problems occurred becauseof mismatches between the
robot's knowledgeand the users'route descriptions. Thus, an adequaterepresentation
of the route descriptions is necessaryto enablean e�ectiv e interaction betweenthem.
The route descriptions produced in the secondphasewill be usedhere to discussthe
conceptual modelling of human route descriptions. Figure 1 shows a sample route
description with a descriptive translation.

Figure 1. A sample route description from the Rolland corpus

2.2 SomeEmpirical Evidence

The corpus intro ducedabove con�rms that a route description given by a human
to an intelligent robot is similar to the way in which peopleinstruct other peoplehow
to navigate (cf. [55,8]), which consistsof a sequenceof decisionswith reorientations
and landmarks; for example, \do or", \stairs" and \ro om" are usedeither as decision
points or as referencepoints for orientation. At a �rst glance, expressionslike \on
the left" and \pass by the lifts" describe somerelations betweena path and a region.
However, in route descriptions such regions can usually be treated as points, since
their spatial extents have no in
uence on the route, especially in corridor scenarios
(e.g. the Rolland corpus), wheremost landmarks aregeometrically simpleand regular.
In the Rolland corpus, most landmarks referred to (90% in the Rolland corpus) can
be treated as points. The typical expressionsreferring to a landmark as a region are,
for example, \dem Korridor folgen" (follow the corridor ) or \den Gang hoch" (up
the corridor ), in which the spatial extent of the corridor delimits the described route.
In outdoor settings, such as the IBL corpus, more exceptionscan be found, such as
\k eep going forward until you hit the end of the train station", or \then follow it
round and you should be right outside Boots".

A route instruction may contain oneor more simple onesby reference,sinceit is
natural that peopleuseexisting route knowledgewhen describing a new one, instead
of re-describing all known routes in detail. In the IBL project[4] , each subject gave
six route instructions to the robot, amongwhich three were\short" and three \long".
A long route may include a referenceto the destination of a short one, thus typically
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contain such utterances as \once you passthe car park", in which \the car park" is
the destination of a route described before, such that userscould avoid re-describing
the route to \the car park". The use of existing route knowledge to describe new
routes shows that human route knowledgeis well structured, instead of a collection of
isolated routes. We discussthe integration of routes into a route graph in Section5.4.

Turns and movesare two operations prevalent in route descriptions. Instead of
metric angle and distance, people frequently give qualitativ e information about the
angle of a turn (e.g., \turn around", \turn right" and \sligh tly left"), or the distance
of a travel, for example, \erst mal rechts um bis zum Ausgang" (�rst turn right [and
drive] until the exit). Quantitativ e information in human route descriptions is usually
inaccurate and of little help, such as \ungef•ahr zwanzig bis f•unfundzwanzig Meter"
(about twenty to twenty-�ve meters). Of 247 utterances in the Rolland corpus, only
17 contain metric information; such quantitativ e data are sometimesredundant as in
\ungef•ahr 20 bis 30 Sekunden,dann am Ende des Gangs" (about 20 to 30 seconds,
then at the end of the corridor ).

Most route instructions found in the Rolland corpusare well-structur ed, i.e., they
contain a temporally orderedsequenceof qualitativ ely described route segments with
movements, (re)orientations and spatial referencesto landmarks. However, we found
the occurrencesof quantitativ e instructions like \neunzig Grad nach rechts" (turn
ninety degrees right ), constraint information like \Stugaraum ist da wo wir eben
vorbei gefahren sind" (Student-union room is where we just passed by), as well as
temporal disorder like \dann auf dem Flur nach links fahren bis zur erstenm•oglichen
Abzweigung nach links, also da kommt dann noch dieser Turm..." (then drive on
the corridor to the left until the �rst possible turn o� to the left, I mean, there is
also this tower...). Among the 28 successfullytranscribed trails, 21 trails contain a
well-structured route instruction. Three route instructions consistexclusively of drive
commands,such as\turn left" and \go straight", without any referenceto landmarks,
and four haveonly onetask relevant utterance like \go to the student-union room". In
this paper, we focuson well-structured route instructions in which the spatial extents
of landmarks do not in
uence the routes.

3 Orien tation Calculi and Route Graphs

Motiv ated by the empirical studies,we choseFreksa'squalitativ e spatial calculus
using relative orientation information [12;13;58] , i.e., the Double-Crosscalculus, to rep-
resent and to reasonabout human spatial orientation behavior. Moreover, the Route
Graph model[15] will be taken to represent the topological structure of the naviga-
tion space,such that structural relations between route segments and routes can be
inferred.

3.1 Route Graph Model

Route Graphs have been intro duced as a generalmodel of environment for nav-
igation by various agents in a variety of scenarios[56;15;22]. They can be used as
quantitativ e mapswith sensoryinput and additional metrical computation models to
control the navigation of robotic agents in the environment, or at the cognitive level
to abstractly model humans' topological knowledgewhile they act in space.Perhaps
the most important property of route graphsis that di�eren t routes can be integrated
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into a graph structure, in which the information concerningtheseroutes is composed.
Route graphsarea special classof graphs. A node of a route graph, calleda place,

has a particular position and has its own \reference system"; it may, but need not,
be rooted in a (more) global referencesystem, such as a 2-D geometric system. An
edgeof a route graph, called route segment, is directed from a sourceplaceto a target
place, and always has three attributes: an entry, a course and an exit. Exactly what
information is associated with theseattributes is specially de�ned for each route graph
instantiation. For example, an entry or an exit in a route graph at the quantitativ e
level can be an angle, measuredin degrees,with respect to a global 2-D geometric
system, the courseis then characterized by metrical data for length and width; while
an entry/exit at the conceptual level may contain qualitativ e orientation information
(e.g., to the left/righ t), the courseis then the path between two reorientations. For
more information about route graphs see[56,15,16].

3.2 Qualitative Spatial Reasoning with Orientations

Freksa put forward the Double-Cross calculus for qualitativ e spatial represen-
tation and reasoning using orientation information [12;13;58] for external qualitativ e
spatial knowledge. In this calculus, the concept orientation frame is intro duced to
represent qualitativ e orientation information. The frame is aligned to the orienta-
tion determined by two points in 2-dimensional space,the start point and the end
point of a movement. Combining the front/bac k and the left/righ t dichotomy, the
Double-Crosscalculus may distinguish 15 meaningful disjoint orientation relations,
as illustrated in Fig.2, where we assignnamesto the orientation relations.

Figure 2. Orien tation frame with 15 relations for the Double-Cross calculus

The directed line between two points gives rise to the orientations front and
back on this line, also leftAtExit , rightA tExit , leftAtEntry , and rightA tEntry , whose
terminology we have borrowed from Route Graphs; left and right correspond to two
areasbesidesthe line, similarly leftFront, rightFront, leftBack, and rightBack; �nally ,
the special positions atEntry , atExit , and the property to be on the line, onCourse,
are intro duced.

The composition table for reasoning with orientation relations in the Double-
Crosscalculus can be found in [13].

4 A Conceptual Mo del for Route Na vigation

Motiv ated by the empirical evidence(seeSection 2.2), we are now going to de-
velop a spatial model, called conceptual model, to represent and reasonabout human
route navigation knowledge,which combinesthe Double-Crosscalculusand the Route
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Graph. Its structure and operational properties are then formally speci�ed in Section
5.

The conceptual model is a triple of types, functions and predicates. The set of
typesconsistsof:

� O for orientations, here we use15 disjoint orientations de�ned by the Double-
Crosscalculus (Fig.2), denoted as o, o0, o1, etc.

� M for landmarks, denoted as m, m0, m1, etc.

� L for locations, denoted as l , l0, l1, etc.

� V for vectors from a sourcelocation to a target location, ab denotesthe vector
from location a to b.

� S for route segments, a subset of V, denoted as s, s0, s1, etc. The sourceand
target of a route segment are reachable locations.

The most important functions are oEntry, oExit and oCourse, which take a
route segment and de�ne the entry , the exit (as orientations) and the courseof the
route segment, respectively. An additional function at de�nes the location of a given
landmark, thus at(m) = l meansthat landmark m is at location l .

The elementary relation of the conceptual model is ori , which de�nes the orienta-
tion of a location with respect to a vector: ori (bc; l ; rightFront), for example, means
l is on the right front of bc. The orientation of somelocation with respect to a vector
is possibly unde�ned; the orientation relation ori and the following auxiliary relations
are usedto check the consistencyof route instructions (except for the representation
of orientation information in route instructions), thus they are de�ned by predicates
instead of by functions.

Basedon ori , a set of auxiliary relations can be de�ned, for example,

on : V � L a location is on an vector
left of : V � L a location is on the left of an vector
right of :V � L a location is on the right of an vector

The following axioms assert that theserelations can be de�ned using the elementary
relation ori .

on(ab; l ) , ori (ab; l ; onCourse) (1)

left of(ab; l ) , ori (ab; l ; left) (2)

right of(ab; l ) , ori (ab; l ; right) (3)

4.1 Qualitative Route Representations

As discussedin Section2, operations usedin the route descriptionsinclude moves
and turns. In addition, usersoften use spatial relations in their route descriptions.
For example, \the main stairs are on the left" just states the spatial relation between
the \main stairs" and the current position (i.e., the current place and direction);
\through the door" includesa movement and a relation: after the movement the door
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is behind. Thus, we de�ne a set of relations to describe the operations usedby people
to describe routes.

via(ab; m) , 9l : at(m) = l ^ on(ab; l ) (4)

passOn(ab; m; left) , 9l : at(m) = l ^ left of(ab; l ) (5)

passOn(ab; m; right) , 9l : at(m) = l ^ right of(ab; l ) (6)

passBy(ab; m) , 9l : at(m) = l ^ (passOn(ab; l ; left) _ passOn(ab; l ; right)) (7)

To illustrate, let us considerthe sampleroute description in Fig.1. The resulting
qualitativ e route representation is shown in Fig.3, where all variables (s0, s1, s2 and
l) are existentially quanti�ed. The corresponding utterance parts are also given. The
sample route description is represented as a route with three route segments. The
representation of the �rst utterance takesthe start position as the referencedirection
for the �rst route segment s0. The representation of the fourth utterance \ straight
ahead for a rather long time" is empty, becauseit doesnot make any contribution to
the qualitativ e route. Movements with referencesto landmarks such as \through",
\pass by" are all represented as spatial relations.

Figure 3. The representation of the sample route description

As de�ned, a route is a sequenceof route segments. Suppose hs0; s1; � � � ; sn i
is a route, then the following constraints should be satis�ed, where 0 6 i 6 n and
0 6 j 6 n � 1:

� oEntry(si ), oExit(si ) 2 O

� 9l1 l2 2 V: oCourse(si ) = l1 l2

� oCourse(sj ) = l1 l2 ^ oCourse(sj +1 ) = l3 l4 ) l2 = l3

To integrate two routes into a route graph, one has to come up with a com-
mon location in the environment, and all related entries and exits on one route at
that location must be recomputed to conform with the other route at that location.
Furthermore, the consistencyof the spatial relations related to the common location
should be proved according to the Double-Crosscalculus[13] . In Section 5.4, we will
discussthis issueformally.

4.2 Reasoning About Qualitative Route Representations

Now we can reasonabout qualitativ e route descriptions against a representation
of the environment. A conceptual environment might consist of familiar landmarks,
locations, routes, and spatial relations. To illustrate, let us return again to the em-
pirical study described in Section2.1, where a user at �rst describesthe environment
to the wheelchair in a joint attention task, beforea route description to a destination
is provided. Following one description where the user made a number of annotations
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while driving to the Stuga-Raum (student-union room), the conceptual environment
would include the landmarks \the door", \the lifts" and \the main stairs", and the
following equations and relations:

f at(door) = l1; at(lifts ) = l2; at(mainStairs) = l3;

on(ab; l1); ori (ab; c;rightA tExit ); ori (bc; l3; rightFront); ori (bc; d; front) g

Thus, we can seethat \the door", \the lifts" and \the main stairs" are located at
l1, l2 and l3, respectively. l1 is on the route segment ab. Moreover, c is rightA tExit
w.r.t. ab, l3 is rightFront w.r.t. bc, and d in front of bc. But we do not know, for
example, the answer to the question \where is the Stuga-Raum".

Before the conceptual representation of a route description can be integrated
with the representation of the environment, its consistency with the environment
should be proved, which means that the spatial relations in the route representa-
tion should be consistent with those already present in the conceptual environment.
Furthermore, the newly intro ducedconditions may be simpli�ed according to the en-
vironment, if possible. Taking the above example, and supposing oCourse(s0) = ab,
oCourse(s1) = bc and oCourse(s2) = cd; then, from the relations ori (bc; d; front)
and ori (bc; l3; rightFront) in the environment, we can conclude, according to the
Double-Crosscalculus, that

ori (cd; l3; rightFront) _ ori (cd; l3; right) _ ori (cd; l3; rightA tExit )

Thus, the main stairs (at the location l3) can only be passedon the right in this
case,and the alternation ori (cd; l3; left) in the route representation is therefore in-
consistent. After checking the consistencyand simplifying the spatial relations, the
route hs0; s1; s2i will be added to the conceptual environment, together with a new
equation at(Stuga-Raum) = l and the following three new relations: left of(bc; l2) _
right of(bc; l2), right of(cd; l3), and ori (cd; l ; front). Figure 4 shows the updated con-
ceptual environment.

Figure 4. A sample conceptual environmen t

5 Formalizing the Conceptual Mo del in Casl

In this section we present an approach to specify the conceptual model using
the Common Algebraic Speci�cation Language,Casl [2;31;32] . Casl is supported by
tools in the HeterogeneousTool Set, Hets [29;30] , for syntactic and semantic checking,
consistencychecking, veri�cation, and deduction. Initial ideas for the formalization
of human route descriptions using Casl are discussedin [16]. A Casl speci�cation
basically includes declarations, to intro duce components of signatures, such as sorts
to intro duce types, operations or predicates, as well as axioms written in �rst-order



42 International Journal of Software and Informatics Vol.2, No.1, July 2008

logic, to give properties of those structures. The Casl syntactic constructors are
explained in separatesectionswhere they are �rst used,such that the reader without
any previous Casl knowledge can understand the intuitiv e meaning of the speci�-
cations. Moreover, all the speci�cations presented in this section have passedthe
syntactic, semantic and consistencychecking by Hets .

We �rst intro duce relative orientations with eight directions, and their algebraic
properties. Then, we de�ne locations, vectors, and orientations between them as a
separatetheory, and �nally useboth to de�ne the Double-Crosscalculus. With this
stepwiseapproach, each algebraicspeci�cation canbe consideredseparately, the prop-
erties of each can be generalisedbeyond the particular application, and potentially
each can be usedin a variety of other application contexts.

5.1 Ego Orientation Calculus

While the Cardinal Direction calculus (cf. [10,21]) and the Star calculus[37] are
based on a global referenceframe, the ego orientation calculus useslocal reference
frame associated to each point. Figure 5 shows an egoorientation distinguishing eight
directions: the thick arrow denotesthe egoorientation as a basis,and the �ne arrow
the orientation of someother object, in relation to the egoorientation. Depending on
the application, we may want to distinguish 2, 4, and 8 orientations (or more); the
more orientations we consider,the �ner our statements become,but we generatemore
computational complexity in this way. In this paper we follow Freksa[13] , who claims,
basedon psychological studies, that eight orientations are cognitively adequate.

Figure 5. Eight ego orientations

The Casl speci�cation in Fig.6 is structured as follows: First, two orientations,
front and back with respect to the egoorientation, are intro duced,and two operations,
inverse(� o) and complement (o); moreover, plus (+) and minus (� ), denoting addi-
tion and subtraction of orientations. + is associative, commutativ e and has f ront as
a unit element (a + f ront = a), thus (Or ientation; f r ont; +) constitutes a commuta-
tiv e monoid; the other algebraicproperties are given asuniversally quanti�ed axioms.
Theseproperties hold generally for all egoorientation calculi, no matter how �ne the
orientations are.

Note that a datatype declaredas \free" (i.e., free typ e) intro ducesa sort (e.g.,
Orientation2 ) with constructors (e.g., front and back) as alternativ es on the right-
hand side of \::=", such that terms with distinct constructors have di�eren t values,
and the sort is generatedby its constructors. With sort or sorts one or more types
can be declared,possibly assubsortsof someother sort (using the symbol \ < "). The
two underscores\ " indicate a placeholder for an argument of operations, such as
\+" or \ � ". A text after \%%" is a comment.
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Figure 6. Speci�cation of ego orientation with 2, 4, and 8 orientations

Now the sort Orientation2 is extendedby two other orientations, left and right,
and their properties; subsequently with the orientations leftFront, rightFront, leftBack,
and rightBack, respectively; thus we arrive at eight orientations. The structuring
operator then intro ducesa new sectionof the speci�cation that extendsthe previous
part. In the caseof then %implies , the following formulae are not axioms, but
meant to be deducible from the axioms; they constitute a proof obligation. For
instance, � front = back is deducible from � a = back + a and front is the unit of +;
left + right = front deducible from left = right , a+ a= front and + is commutativ e;
and rightFront = leftFront deducible from leftFront= rightFront and a = a.

Other authors have intro duceda yet �ner splitting and qualitativ edistances(e.g.,
[37,27]); such additions should be extensionsfollowing the pattern intro duced here.

5.2 Locations and Vectors

The de�nition of locations extendsthe pre-de�ned speci�cation Identities (just
intro ducing a sort Id for simplicit y here) with a new sort Location and an operator
id associating each location with an identi�er (the second speci�cation in Fig.7).
As an extension of EgoOrient ation and Loca tions , the speci�cation Vectors
intro ducesthe sort Vector that denotesdirected connectionsbetween two locations;
note that thesevectors do not residein a global referenceframes.
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Figure 7. Speci�cation of locations, vectors, and orientations between them

Each vector has a sourceand a target location, de�ned by two functions source
and target. Vectors are constructed by the operation \ � ! ". Note that \ ! ?" is a
partial constructor operation in Location � Location ! ? V ector; the additional axiom
de�nednessstates that the vector is de�ned, only if the operation � ! is applied to
two di�eren t locations.

The operation \ � " inverts the direction of a vector; the operation \ \ " yields an
orientation between two vectors: v\ w is called the orientation of w with respect to
v. The algebraicproperties nicely relate the orientation relation betweenvectors (\ ),
vector inversion (� ), and the orientation operations inverse(� o) and complement
(o). Figure 8(a) shows a vector and its inverse; Figure 8(b) the orientation of a
vector with respect to another one, in the example, w is on the rightFront of v; and
Fig.8(c) someorientations betweenvectors that may help to understand the axioms
in the speci�cation. Taking the �rst axiom as an example, we can easily conclude
that v\ � w is an inverseof v\ w, i.e., if we add back to v\ w, it equals to v\ � w.
Finally, the last two formulae can be derived from the above axioms directly.

Figure 8. Speci�cation of places, route segments, and place integration: (a) a vector and its inverse;

(b) the orientation of a vector with respect to another one; (c) some orientations between two vectors

5.3 The Double-Cross Calculus
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We now want to de�ne the Double-Crosscalculusin terms of the Ego Orientation
calculus. Note that wede�ned a variant of the Double-Crosscalculus. The orientation
o of a point c with respect to a vector ab (i.e., ab : c = o in the Double-Cross
calculus) is denoted as the orientation relation between the two vectors ab and bc
(i.e., a � ! b \ b � ! c � o). Additionally , we can de�ne the orientation betweenany
two vectors if the sourceor target of onevector equalseither the sourceor the target
of another one, speci�ed by the axiom (O0) in Fig.10.

Figure 9. Relation between two Ego and corresponding Double-Cross orientations: (a) the de�nition

of left as the conjunction of leftBack and leftF ront ; (b) oCourse as the conjunction of back and front

We start with the Double-Crosscalculus with only eight orientation relations.
Figure 9 shows the principle of de�ning each relation of the Double-Crosscalculus as
a conjunction of two relations in the Ego Orientation calculus (cf. Fig.5), a pattern
that will repeat in the speci�cation: the basic vector of the Double-Crosscalculus on
the right-side combines two egoorientation frames on the left-side, corresponding to
the orientations at the entry and the exit, by the logical conjunction ^ . Example (a)
in Fig.9 shows the de�nition of left; the other 7 relations follow the samepattern, cf.
the axiom (O8) in the speci�cation (Fig.10). The pattern is still the samewhen we
extend the Double-Crosswith relations at the entry and exit, respectively, yielding
thirteen relations. For the predicateonCoursewealsoneedtwo egoorientation frames
in the samepattern (Fig.9(b)), cf. the axiom (O13) in the speci�cation (Fig.10).

Now we turn to the remaining relations atExit and atEntry of the Double-Cross
calculus. Their de�nitions deviate from the standard pattern (seethe axiom (O15) in
Fig.10). Since the location c is located at entry or exit, the vectors entry � ! c and
exit � ! c are unde�ned.

Note that this extendedvariant of the Double-Crosscalculusenjoys the additional
algebraic properties inherited from the ego calculus and relations between vectors.
In particular, inversion and complement is de�ned naturally; also, vectors may be
inverted.

5.4 Route Graphsand Integration

In Sections5.1 and 5.2, we de�ned several sorts, such as Orientation , Location
and Vector, and their operations to specify various orientation calculi. To intro duce
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Route Graphs we are interested in special kinds of locations and vectors to de�ne
conceptslike placesand route segments. A Place is a (uniquely identi�able) location
and has its own local referencesystem,as speci�ed in Fig.11. The operation oOrigin
de�nes the inherent referencedirection as a vector at a place, i.e., the local reference
frame (or origin ) at that place. The origin may also be used to ground a place in a
global referencesystem.

Figure 10. The Double-Cross calculus with 8, 13, and 15 orientations

A route segment of the sort Segment is a vector from a sourceplace to a target
place, thus it is in fact a subsort of Vector, such that the source and target of a
segment belong to the sort Place. A segment always has an entry , an exit (place)
and a coursede�ned by the operators oEntry, oExit and oCourse, respectively. In
the context of route descriptions here, an entry or an exit is in fact represented as an
orientation with respect to a given origin at this place. The operation oEntry returns
the orientation of a segment with respect to the origin at its entry (seeaxiom (S1)),
and oExit the orientation of the origin at its exit with respect to the segment (see
axiom (S2) in Fig.11).
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The secondpart of the speci�cation Segments contains �v e axioms describing
someproperties of the orientations betweensegments (\ \ ") and the entries and exits
of segments. Figure 12 (a) and (b) show two exampleswhich give the intuitiv e mean-
ings of the axioms (S3) and (S4), respectively, where the thick arrow shows the origin
at the place b. The three other axioms can be derived from the axiom (S4) directly.

Figure 11. Speci�cation of places, route segments, and place integration

Figure 12. Prop erties of orientations between segments, entries and exits

The third part of Fig.11 contains two axioms which deal with place and route
integration. For instance,while describingthe route from a sourceplace(s) to a target
place(t), peopleusually describe the route from the sourceto someintermediate place,
say b, and continue with an expressionlike \then take the route from b to t", if the
route from b to t has been previously described or is already known to them. The
entry recomputation rule enablesthe integration of the existing route from b to t to
the route described from the start point to b, thus forming a complete route from s
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to t. The integration of di�eren t routes into a route graph is often non-trivial and
makesit necessaryto extend the union of the corresponding setsof nodesand edges
of directed graphs (cf. [15]). A signi�can t step to integrate two di�eren t routes is
to identify their common places, i.e., placeswith the sameId in our simpli�ed case.
In order to integrate two routes that share a common place, we can take the origin
(denoted as a thick arrow) of one route segment at that place, calculate the entry
(or exit, resp.) of the other route segment with respect to the chosen origin, and
obtain a route graph. Figure 13 (a) shows two routes, in which b and d are identi�ed
as a common place, and Fig.13 (b) the route graph by integrating the two routes
at place b and d according to the origin of b (i.e., ob). Note that the integration of
two routes with a common place o�ers new possibilities: if two segments emanate
from this place, it becomesa decision point, which subsequent route segment to
choose;instead of two routes originally, we now have four potential ones. Thus, it is
not surprising that place (and route) integration requires someextra recomputation
work. Conversely, each individual route (as a sequenceof route segments, a separate
little route graph) can be simpli�ed, sinceeach entry (or exit) is already recomputed
during place integration.

Now we demonstratethe integration of two routes, for example,a � ! b is a route
segment from one route and d � ! c a route segment from another route (Figs. 14(a)
and (b)), where id(b) = id(d). The entry of b � ! c with respect to the origin of b is
calculated as the sum of the orientation of the origin of d with respect to the origin
of b (i.e., oOrigin(b)\ oOrigin (d)) and the oEntry of d � ! c, asdepicted in Fig. 14(c)
and speci�ed by the axiom (S5).

Similarly, Fig.15 shows an exampleof computing the exit of a � ! d with respect
to the origin of d, speci�ed by the axiom (S6). The exit recomputation rule is useful,
if the route from the start place to someintermediate place is known to a user, then
he/she only needsto describe the route from the intermediate place to the target
place. A complete route can be obtained by integrating them.

5.5 Route Descriptions

Basedon the spatial relations via, passOnand passBy de�ned in equations 4, 5,
6, and 7 in Section 4.1, a Casl speci�cation of route descriptions is presented in Fig.
16. We intro duce the predicatesa � ! b via c to represent the relation \the location
c is on the route segment a � ! b"; a � ! b passc on lr to represent \the location c is
in the orientation lr with respect to the route segment a � ! b"; and a � ! b passByc
to represent \the location c is either on the left or on the right-hand side of the route
segment a � ! b".

Figure 13. (a) Tw o routes and (b) their integration at places b and d
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Figure 14. Integration of route segments: (a) the origin of b;

(b) the entry of d � ! c; (c) computing the entry of b � ! c w.r.t. the origin of b

Figure 15. Integration of route segments: (a) the exit of a � ! b;

(b) the origin of d; (c) computing the exit of a � ! d w.r.t. the origin of d

Finally, the sampleroute instruction in Fig.1, represented in the conceptual model
in Fig.3, is formalized asa set of axiomsat the end of the speci�cation (Fig.16), where
start, p1, p2, p3 and door are constants of the sort Place, and door, lifts , mainStairs
and stugaRoom constants of Landmark.

Figure 16. Route predicates and the sample route
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6 Linking the Conceptual Mo del to a Rob ot's Na vigation Map

While the conceptual model provides a cognitively adequateframework for rep-
resenting and reasoning about human route instructions, a quantitativ e map with
metric information is still necessary, which enablesan intelligent mobile robot to do
self-localization, detect obstaclesand execute the navigation tasks involved in the
route instructions. However, to date most intelligent mobile robots useonly a quan-
titativ e map for environment exploration (e.g., [3,52]), where no human interaction
is involved, or they apply mapping functions to interpret high level instructions to
a quantitativ e representation (e.g., [20,48,25]). In this section, we �rst compare our
conceptual model with a quantitativ e model by interpreting route instructions using
them. To handle interpretation disparities which may occur while interpreting route
instructions in di�eren t models, linking them is necessary. Therefore, Section 6.2 in-
tro ducesa generic route graph concept, which is then used in Section 6.3 to link the
two route graph models compared in the �rst subsection.

6.1 Comparing Two Distinct Interpr etations

Voronoi Graphs describenetworks of placesand connectionsbetweenthoseplaces
with maximal clearanceto surrounding obstacles,while the conceptualmodel focuses
on qualitativ e spatial information and abstracted landmarks and locations, enabling
qualitativ e spatial reasoningon route instructions. In order to interpret route instruc-
tions against a global environment map as a Voronoi Graph, Mandel et al. suggested
in [25] a fuzzy function basedapproach, where a set of fuzzy functions wasdeveloped
for each primitiv e route expression,such as \turn", \go through", \pass by", \go un-
til" or \on the left/righ t of". An algorithm using a search tree is developed to �nd the
most likely target from the initial position of the agent, regarding a given sequenceof
primitiv e route expressions.The nodesof a search tree represent fuzzy rated places.
The root represents the initial position with the highest possibility 1. Taking the next
primitiv e expressionfrom the sequence,the algorithm computes the following possi-
ble placesand usesthe fuzzy function de�ned for the selectedexpressionto associate
the places with fuzzy values, until all the expressionsare considered. Finally, the
algorithm evaluates the possible targets and selectsthe one with the highest fuzzy
rate.

Navigation tasks belong to high-level cognitive processesthat involve the as-
sessment of environment information, the localization of spatial objects, and spatial
relations between these objects. Describing a route to a robot is a special caseof
navigation, and may be subject to knowledge-based mistakes [35] madeby humans. In
[42], we sketched two distinct approaches,one interpreting human route instructions
in the conceptual model, the other one using the fuzzy function basedapproach, in-
tro ducedabove, to interpret route instructions on the Voronoi graph. Comparing the
two interpretations in such error situations, we found that they may deliver di�eren t
results, called interpretation disparities. The following are someexamples.

Unsolv able spatial information. Among the utterancesin the Rolland corpus,
a considerablenumber of them contained referencesto landmarks. An example is:
\Driv e past the copier room and the mailbox room". Here, the robot's knowledge
of the intended entities, the \copier room" and the \mailb ox room", is presupposed.
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Assume that the robot has no such knowledge; then the fuzzy function approach
will search for all possible places before eventually detecting missing information.
However, the conceptualapproach will �rst �nd out whether the placewith the given
landmark already exists in the environment. Only if it exists already, it begins to
compute the route representation.

Spatial relation mismatc hes. A user may relate spatial objects incorrectly;
take the above example again: the copier room is in fact located subsequent to the
mailbox room with respect to the robot's current position. The conceptual model
might detect this mismatch, if there exist relations in the conceptual environment,
from which the correct spatial relation between the copier room and the mailbox
room can be inferred. During integration of the new route description, an inconsistent
situation will be detected using logical reasoning.

To interpret this instruction, the search algorithm in the fuzzy function approach
might �rst reach the placefor the mailbox room without memorising it, and then �nd
the place for the copier room. After �nding the place marked with \copier room", it
continues to search for a place marked with \mailb ox room". A zigzag route would
result in such a case.

Orien tation mismatc hes. Moreover, mistakes can also be causedby using
incorrect orientation, a special caseof deciding spatial relations. Consider again the
scenariodescribed in Section 4.1, where the lifts may only be passedon the right.
Now supposethat the utterance \pass by the lifts on your left" is given by a user. At
the conceptual level, this inconsistencycan easily be detected using logical reasoning
on spatial relations. In contrast, the search algorithm of the fuzzy interpretation will
search all possibleplaceson the left without success.

Consequently , we believe that robust human-robot interaction requiresthe repre-
sentation of human route instructions and the robot's representation to be at distinct
abstraction levels. Thus the conceptual model has to be linked to the quantitativ e
level representation, and each representation will separately contribute to resolve
mismatches.

6.2 Generic Route Graph Ontology

As already mentioned in Section 3.1, route graphs have been intro duced as a
general concept to be used for navigation in a variety of scenarios. In [15], Krieg-
Br •uckner et al. developed a genericroute graph concept using an ontology to specify
route graph terms, interrelations between them and to standardize or mediate be-
tween di�eren t usagesof route graphs. Figure 17 shows its formalization in Casl .
GenericGraph is a speci�cation with two sorts as its parameters. Therefore, we can
usevarious kinds of edgesand nodes(e.g., local referencedirections) and edges(e.g.,
coursesof route segments) to instantiate GenericGraph , and get di�eren t graphs.
In the genericgraph speci�cation, three sorts Graph, Edge and Node are intro duced.
A graph has nodes and edges,which are speci�ed by the overloadedpredicates has.
Operations source and target are functions from an edge to its source and target,
respectively. Furthermore, a mapping (info ) between the sort Edge or Node to the
corresponding parameter is declared. The �rst axiom (G1) states that if a graph
contains an edge,then it contains the sourceand target nodesof the edge.

The secondpart of the speci�cation de�nes the in�x \no de deletion" function
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\ / " on graphs recursively. The third part speci�es whether a node is reachable
from another node in a graph. The predicate isSequence, presented in the third part
of the speci�cation, characterizesa special classof graphs, called Path. A path has a
start point from which any other nodescan be reached, and any two di�eren t edges
of a path have di�eren t sourcesand targets.

Figure 17. Speci�cation of the generic graph in Casl

Now we move to the speci�cation of genericroute graphs,and start with Route-
Segment and GenericPla ce. Each Place hasan origin of type RefSystem; and the
sort RouteSegment is associated with three operations course, entry and exit (seethe
�rst two speci�cations in Fig. 18).

The generic speci�cation GenericR outeGraph has two parameters referring
to the speci�cation GenericPla ce and RouteSegment (seethe third speci�cation
in Fig. 18), which is an instantiation of GenericGraph , where the sorts RefSystem
and Course are provided for the two parametersNodeInfo and EdgeInfo, respectively.
Any speci�cations that extend GenericPla ce or RouteSegment can be used to
instantiate the generic route graph speci�cation. The sorts Graph, Node and Edge
are renamedto RouteGraph, Place and RouteSegment, respectively. Additionally , the
sort Route is de�ned asa special classof paths containing no circle. RefSystem, Place,
Course, Entry and Exit have beenleft unspeci�ed for the moment.

6.3 Linking the Conceptual Model to the Voronoi Graph based on the Generic Rou-

te Graph

The conceptual model can be seenasan abstraction of the Voronoi graph usedby
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our wheelchair robot. Relating thesetwo levels of spatial representations requires an
abstraction relation, more speci�cally from a route to a route segment, or a graph to
a node, as in Fig. 19. When a set of nodesSN in a lower level graph is abstracted to a
singlenode N in a higher level graph, someobvious conditions must hold, for example,
all incoming/outgoing edgesat a node in SN must correspond to incoming/outgoing
edgesat N; for each pair of incoming and outgoing edgesat N there must be a
corresponding connecting path in the lower level graph. To relate the conceptual
model to the Voronoi graph formally, we use the generic route graph speci�cation
given in Fig.18.

Figure 18. Speci�cation of the generic route graph in Casl

Figure 19. Abstraction a sub-graph to a place

From the speci�cation in Section6.2 we seethat the genericroute graph speci�es
only very general route graph concepts, where RouteSegment, Course, Entry , Exit ,
as well as RefSystemare unspeci�ed. Given di�eren t de�nitions of these sorts, the
generic route graph can be instantiated to route graphs at distinct abstraction lev-
els. For instance, our conceptual model of route instructions is in fact an instance of
the generic route graph, if we take Pla ces and Segments in Fig. 11 to instantiate
GenericPla ce and RouteSegment in the GenericR outeGraph speci�cation,
respectively. The sort RefSystemand the operation origin of GenericPla ce are
instantiated by Vectors and oOrigin of Pla ces. RouteSegment from RouteSeg-
ment is instantiated by Segment from Segments , Courseby Vectors, Entry and Exit
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by OrientationDCC , and the operations course, entry and exit by oCourse, oEntry
and oExit, respectively, as illustrated in Fig.20. The sort RouteGraph from Generi-
cRouteGraph is renamedto ConceptualModel.

Figure 20. Speci�cation of the conceptual route graph in Casl

On the other hand, the Voronoi graph can be instantiated in a similar way,
as illustrated in Fig.21. Suppose the speci�cation for nodes of a Voronoi graph is
VPla ces, in which the data structures for metric Angle, VPlace with x- and y-
coordinates in a global referencesystem,and the operation vOrigin, mapping a point
to the global referencedirection, are speci�ed. In the speci�cation VSegments , the
sorts VSegmentand VEdgede�ne the edgesand their courses(e.g., length and width);
and the operations vCourse, vEntry and vExit map an edgeto its course,entry and
exit (e.g., the angle between the courseto the global referencedirection). The sort
RouteGraph is now renamedto VoronoiGraph.

Figure 21. Speci�cation of the voronoi route graph in Casl

Finally, to abstract the Voronoi graph to the conceptual model is in fact to de�ne
a setof abstraction relations abstractionFrom betweenthe two graphs, their nodesand
their edges,as speci�ed in Fig.22 with ConceptualR outeGraph and Vor onoi-
Graph as parameters.

The �rst axiom (A1) states three elementary properties of the route graph ab-
straction. If a conceptual route graph is an abstraction of a Voronoi graph, then
a place or an edgein the Voronoi graph can only be abstracted to one single place
or edgein the conceptual model; and if an edgeis an abstraction of an edgein the
Voronoi graph, then its source and target should be the abstractions of the source
and target of the edgein the Voronoi graph, respectively.

The next four axioms are about the correspondencebetweenedgesand placesat
the two levels. If a place or an edgeis an abstraction of a place or an edge in the
Voronoi graph, then it is in the conceptual route graph (A2 and A3). Moreover, any
place or edgein the conceptual graph is an abstraction of someedgeor place in the
Voronoi graph (A4 and A5).

The last axiom (A6) statesthat if the sourceand target of an edgeare abstracted
to two di�eren t placesin the conceptual graph, then there is an edgebetween them
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in the conceptualgraph, thus the incoming/outgoing edgesfor a set of Voronoi places
correspond to the incoming/outgoing edgesof their common abstraction place.

Figure 22. Speci�cation of the route graph abstraction in Casl

In the speci�cation RouteGraphAbstra ction we do not give any speci�c
de�nition of the operation abstractFrom for segments or places. It is a requirement
speci�cation: in any implementation of the route graph abstraction theseoperations
should be implemented in such a way, that all the axioms given in the requirement
speci�cation hold.

7 Related W ork

Our conceptual model has beeninspired by Kuip ers' work on the Spatial Seman-
tic Hierarchy (SSH), especially, its topological level of spatial representation [17] . The
topological map represents the navigation spaceas a collection of places,paths and
regions,which areassociated by spatial relations. The conceptual modelcanbe seenas
an instance of the SSH's topological map. The Route Graph provides an ontological
framework to structure placesand paths, while the spatial relations between places
and paths are de�ned according to the Double-Crosscalculus. Topological relations
from the SSH,such asat, on, left of, have beenrede�ned in our conceptual model with
the orientation predicate speci�ed in Fig. 10. The instantiation is empirically well
motivated, and enablese�cien t computational reasoning about human route navi-
gation knowledge. On the other hand we use location-basedrelative orientations to
represent relations betweenplacesand paths, instead of regionsand their connections.
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Thus, sometopological relations from the SSH like in betweena place and a region
is beyond the expressivenessof our model at present.

There are many di�eren t qualitativ e spatial calculi which are region-, interval- or
point-based. We limit ourselvesto those calculi speci�cally concerning the represen-
tation and reasoningabout the directions and point con�gurations, which are further
classi�ed into the calculi where directions are determined by a prede�ned reference
frame and those using relative orientation. The Star Calculus[37] is a typical example
for representing and reasoning about qualitativ e relations between points in a two
dimensional spacewith a given referencedirection, which generalizesseveral well-
known calculi such as thoseusing cardinal directions distinguished by Frank [10;11] . In
addition to the Double-Crosscalculus, several calculi have been developed recently ,
mostly as a variant or an extension of the Double-Cross calculus. In [28], Moratz
et al. proposedcalculi on di�eren t levels of granularit y using so called dipoles (i.e.,
oriented line segments formed by a pair of two points, a start point and an end point)
to deal with intrinsic orientation information by specifying qualitativ e relations be-
tweendipoles. In [27], Moratz and Ragni developed the Ternary Point Con�guration
calculus, which is derived from the single cross frame with a front/bac k dichotomy
and eight orientation relations, but makes�ner distinctions to model qualitativ e dis-
tances. We used the Double-Crosscalculus for the following two reasons: First, we
aim to provide a conceptualmodel which is powerful enoughand allows to bridge the
gap between a human's cognitive spatial knowledgeand a robot's quantitativ e level
representation, since humans often use relative orientations in their route instruc-
tions (see,e.g., [46,8,54,43]). Second,to be applied in real human-robot interaction,
a qualitativ e spatial calculus should support an e�cien t reasoningprocess.

On the other hand, metric or topological maps are widely used in the mobile
robotics communit y (cf. [53,49,3,36,26,18,19])to solve robotic problems, such as
concurrent mapping, localization and exploration. Probabilistic methods for simulta-
neouslocalization and mapping (SLAM, cf. [49]), for example, are usually accurate
and reliable to do incremental localization in a metrical map with a single frame of
reference. Beesonet al. proposed in [3] an autonomous place detection approach
using an extended Voronoi graph. The symbolic nature of topological representa-
tions of Voronoi graphs allows somehigher-level computation process,for example,
containment and connectivity. However, little attention has so far been paid to the
aspects of human-robot interaction. Many researchers in the robotics area gradu-
ally recognizethe importance of human-robot interaction in personalservicerobotics
(cf. [40,51]). The continuous improvement in robotic autonomy unavoidably changes
the focal point of the interaction to a higher level, where integrating quantitativ e
maps usedby robots to carry out spatial tasks autonomously, and qualitativ e spatial
modelsfor representation and reasoningabout human spatial knowledgeis much more
important (cf. [8,45,43]).

Human-robot interaction is di�eren t from both human-computer interaction and
human-human interaction. To date a number of empirical studies on human-robot
interaction have been published (cf. [33,14,39,5,45]).Kanda et al., for example, re-
ported in [14] a study, in which a humanoid robot listens to the route instructions
given by a human, while Ono et al. studied in [33] how to develop a robot that de-
scribesroutes to people. In their experiments the Wizard of Oz method wasusedand



Hui Shi, et al.: Modelling Route Instructions for ... 57

the application of speech and gesture were investigated. Moreover, there is research
on the direct interpretation of human instructions to the robot's behavior using func-
tional primitives abstracted from corpora (cf. [25,20,4,48]). In the IBL project[20;4],
for example,Lauria et al. abstracted a number of functional primitiv esfrom the IBL
corpusand implemented them asa set of procedurescorresponding to the robot's be-
haviors, which are to someextent similar to the fuzzy functions usedto interpret route
instructions on the Voronoi graph (seeSection 6.1). However, the direct interpreta-
tion approach does not provide conceptual representations as grounding for natural
languageexpressions.Thus, it can only be usedin behavior-basedrobots rather than
interactive robots. Furthermore, several models have beenproposed,which attempt
to capture route instructions as spatial models[58;17;23] . Route graphs, referencedin
Section3.1 and 6.2 and detailed in [56,15,41,24],are prominent examples.The Route
Graph[56;15] is essentially a graph-basedabstract representation of spacewhich can be
instantiated to a number of di�eren t levels including Voronoi-like low-level represen-
tations to more abstract representations such as the conceptualuser model described
in Section 4. While route graphs are very interesting as a method for representing
complete navigation spaces,little work has been performed to date on showing how
individual route graphscan be composedfrom verbal descriptions, or on how individ-
ual route descriptions can be integrated into route graphs in computational systems.
We believe that this paper meetssuch requests.

8 Conclusion

In this paper, we have presented an approach that combines qualitativ e spatial
calculi using orientation information and route graphs in one conceptual model to
represent and reasonabout human route navigation knowledge. The formal speci�-
cation of the model in the algebraic speci�cation languageCasl , together with some
software tools for the language, makes it possible to check the consistency of the
model and to prove properties (e.g., [57]). Moreover, the formalization of the generic
route graph and its instantiations to both the conceptual model and the quantitativ e
level representation, usedby our wheelchair robot for localization and navigation, pro-
vides a formal foundation for linking them, in order to achieve a robust and e�cien t
human-robot interaction.

We believe that there are two major contributions of this work. First, combining
qualitativ e spatial calculi and topological route graphs for modelling human spatial
knowledge is valuable since it allows a more widespreadunderstanding of the prac-
tical issuesinvolved in interpreting and reasoningabout route instructions in shared
controlled robot systems. Second,the formalization of the conceptual model using a
formal speci�cation languageis useful beyond checking consistencyand proving prop-
erties of the model, since it also serve as a basis for comparing di�eren t models and
linking representations at distinct abstraction levels.

The focusof the conceptual model is on the information about relativeorientation.
Future work will considerregionsto cover descriptions such as \go into the cafeteria"
and \along the river". Furthermore, the conceptual model is qualitativ e. There are
situations in which quantitativ e information is used to give route descriptions, for
example \ about 20 to 25 meters" or \ about 30 degrees to the left". Such quantitativ e
data are sometimesredundant, such as\ about 20 to 30 seconds, then at the end of the
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corridor "; if the place\the endof the corridor" is uniquely de�ned in the environment,
then the information \ab out 20 to 30 seconds" is irrelevant for �nding the route.
However, there are still cases,where quantitativ e data are indispensable, such as
\ about 30 degrees to the left". The conceptual model discussedin this paper may be
extended to treat such measurements in a qualitativ e (cf. [27]) or even quantitativ e
way.

The major concern of this paper was the development of a qualitativ e model
for representing and reasoningabout route instructions, as well as its formalization.
For motivating our work we studied several existing corpora regarding human-robot
interaction on navigation tasks, especially the Rolland corpus. However, it could be
an interesting future research to carry our someempirical study to evaluate the model
discussedin this paper.
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