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Abstract We give an overview of an gpproach to quditative spatial reasoning which is
based on directiona orientation information as available through perception processes
or naturd language descriptions.  Quadlitative orientations in 2dimensiond space are
given by the relation between a point and a vector. The paper presents our basic
iconic notetion for spatia orientation relations which exploits the spatid sructure of the
domain and explores a variety of waysin which these relaions can be manipulated and
combined for spatid reasoning. Using this notation, we explore amethod for exploiting
interactions between space and movement in this gpace for enhancing the inferentia
power. Findly the orientation based gpproach is extended by distance information,
which can be mapped into position congraints and vice versa

1 Introduction

Our knowledge about physical space differs from dl other knowledge in avery sgnificant way: we
can perceive space directly through various channds conveying disinct moddities Unlike in the
case of other perceivable domains, spatid knowledge obtained through one channel can be verified
or refuted through the other channels. As a consequence, we are disproportionaly confident about
what we know about space: wetakeit for red.

Our research on spatid representations and reasoning is motivated by the intuition that * dealing with
gpace’ should be viewed as cognitively more fundamenta than abstract reasoning.  Afterdl, one of
the very firg tasks we learn to accomplish is to orient oursaves in the environment. The use of

gpatiad metgphors in language and problem solving tasks dso indicates thet there might be a
specidised, maybe less expressive, but optimized, spatid inference mechanism. Why ese would we
trandate a problem into the specialised domain of space if the domain of space is handled by a
generd inference mechanism?  As a consequence, we want to understand dedicated spetia
reasoning before we construct general abstract reasoning engines. The god of this research is the
conception of a‘gpatia inference engineé which deals with spatia knowledge in away more Smilar
to biologica systems than systems based on abstract logic languages.

Spatid information, or more specificaly, directiond information about the environment, is directly
available to animds and human beings through perception, and is crucid for establishing spatid
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location and for path finding. Distance information is directly available, too, when take into account
the concept of motion. Such information typicaly isimprecise, partid, and subjective, but the more
we explore the environment the better our knowledge about it gets, i.e. there must exist a
mechanism to combine and to integrate multiple observations into a representation with increasing
granularity. In order to ded with this kind of spatiad information we need methods for adequately
representing and processing the knowledge involved. In this paper we present an approach for
representing and processng quditative spatid information which is motivated by cognitive
consderations about the knowledge acquisition process. The gpproach includes ways for dedling
with orientation, position, motion, and distance informetion.

Consider a ample locdization task: you wak straight dong a road, turn to the right, walk sraight,
turn left, and walk straight again. Now you would like to know where you are located with respect
to the first road you waked on. Tasks like this are very fundamentd for dmost al animas and
human beings. We mostly carry them out subconscioudy — except when we fear to get logt, for
example in underground walkways. In the following we describe how we represent this knowledge
for modeling spatid reasoning.

2 Overview of Existing Approaches

A vaiety of approaches to qudlitative spatia reasoning has been proposed.. Glisgen [1989]
adapted Allen's [1983] quditative tempora reasoning approach to the spatiad doman by
aggregating multiple dimensions into a Cartesan framework. Guisgen's gpproach is sraightforward
but it fails to adequately capture the spatia interrdationships between the individua coordinates.
The approach has a severe limitation: only rectangular objects aigned with their Cartesian reference
frame can be represented in this scheme.  Since we only represent the relative postion and
orientation information of points we are not restricted to one specific rectangular coordinate system
thet hasto be applied to al objects.

Cui, Cohn and Randdll [1993] aitack the problem of representing qualitetive relaionshipsinvolving
concave objects. They introduce a ‘cling film' function for generating convex hulls of concave
objects; they then list dl quditatively different relations between an object containing at most one
concavity and a convex object. Egenhofer and Franzosa [1991] develop aforma approach to
describe spatia relations between point sets in terms of the intersections of their boundaries and
interiors. They do not use orientation information.

Herndndez [1992] considers 2dimensond projections of 3-dimensond spatid scenes. He
overcomes some deficiencies of Glisgen's gpproach by introducing ‘projection’” and ‘orientation’
relaions. For the dimension of projection he adopts and extends the ideas of Egenhofer [1989] ,
i.e. the binary topologicd reationship between two aress in the plane. But he combines the
topologica information with relative orientation information that can be defined on multiple levels of
granularity. Nevertheess he is gill describing scenes within a datic reference sysem.  Freksa
[1991] suggests a perception based gpproach to qualitative spatia reasoning; amgor god of this
goproach isto find anaturd and efficient way for deding with incomplete and fuzzy knowledge.
Schlieder [1990] develops an gpproach which is not based on the relation between extended
objects or connected point sets. Schlieder investigates the properties of projections from 2-D to 1-
D and spexifies the requirements for quditatively recongtructing the 2 dimensiond scene from a set
of projections yielding partia arrangement information.

Frank [1991] discussesthe use of orientation grids (‘cardind directions’) for spatia reasoning. The
investigated gpproaches yield approximate results, but the degree of precison is not easily
controlled. Mukerjee and Joe [1990] present a truly quditative gpproach to higher-dimensiond
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spatia reasoning about oriented objects. Orientation and rectangular extension of the objects are
used to define their reference frames.

3 The Representation

3.1 Motivation

Although alot of formaisms for spatid reasoning do dready exist they do not ded with large scade
navigation or they do not appea from a cognitive point of view. Our approachis maotivated by
cognitive congderations about the availability of spatid information through perception processes,
see Freksa [1991] . A maor god of this approach isto find a naturd and efficient way for deding
with incomplete and fuzzy knowledge. Thus, a new represertation has been developed with the
following godsin mind:

. The representation should be smple and extendable.

. The formaism should dlow for different levels of granularity, as well in the representation, e.g.
if only imprecise knowledge is available, as in the choice of operations, eg. under time
congtraints faster computation of partia results should be possible.

. The approach should resemble some fundamenta properties known about human spatia
reasoning to be plausible from a cognitive point of view.

One of the mgor differences to previous approaches is that the relaive postions of other objects
are not described with respect to (wrt.) one position but wrt. a vector that describes the movement
between two pogtions.  The operations gpplicable on this kind of representation are described
below. Our representation alows us to describe orientation and postion qualitatively, but it does
not ded with the shapes of objects. Furthermore, in our formdism the operations do not yied
approximate vaues but correct ranges of values. Other approaches by the authors with different
base domains and entities have not yielded satisfactory results until we developed the representation
scheme described in the folowing sections.

3.2 TheRepresentation

Consder a person waking from some point a to point b. On hisway heis observing pointc. He
wants to relate point ¢ to the vector ab. For this he can, for example, make the qualitaive
diginction whether c isto the l€ft or to the right of the line going through a and b. Given thisline he
can in addition ask whether c is before or behind a and b, respectively, when traveling dong the
vector ab. This kind of knowledge is essy to obtain while fallowing a path or being at its end
points. Thus he obtains a reference system that dlows him to describe the postion of ¢ with
increasing sharpness. We describe the Situation in which he can digtinguish 15 possible rdations. If
for some reasons it is not possible to decide whether ¢ isbehind or in front of b, for example, we
end up with adigunction of possible reaions. See Fig. 1 for an example.

The obtained 15 relations form a conceptual neighborhood as defined in Freksa[1992a] . Note
that it is not necessary to have the observer a point b. You can as well choose point a to be the
standpoint of the observer who sees point b and ¢ and relates the position of ¢ to the line of Sght to
point b. In this kind of application of the formaism it might be harder to obtain the knowledge
whether b or ¢ isfarther away, though.
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Fig. 1 1) Consider somebody walking from ato b. On hisway he observes cin front and to the | eft
of b and dinfront and to theright of b. 2) By introducing the two lines orthogonal wrt.abthrough
aand b and the line through a and bwe get an orientation grid with 15 different positions: six
areas, seven places on the lines, and two points. 3) The positions of cand d can now be
described in terms of these 15 spatial relations which is depicted iconically.

Although the choosen reference system defines a local orthogond grid, the kind of information

needed to conclude the relation between a point and a vector is easy to obtain. Y ou can draw the
distinctions between left and right, before or behind, at any time of the travel, each time increasing
your knowledge. As it is known from experimenta psychology that humans are poor a estimating
angles and tend to use rectangular reference systems we think that the right angles we have based
the formalism on are agood choice. We are not sure whether afiner degree of angular resolution is
suitable from a cognitive point of view as the base of the representation, athough this is possble
inprinciple, see Ligozat [1993] for example. There are, however, means of describing the position
of ¢ with a higher degree of resolution in our formaism, if, eg., the domain of distance is taken into
account. Refer to section 8 for a detailed discussion.

4  Composition

Up to now we have presented a representation frame that allows us to specify the position of a
point relativ to avector. We will now introduce two methods for composing these reference frames
and to perform a congraint propagation in a network of relations. We call these methods coarsEe
and FINE COMPOSITION respectively.

COMPOSITION is an operation defined on two relations ab: c and bc: d that yiddstherdation ab:d as
result. This operation dlows us, for example, to traverse apath from ato b to ¢ to d and to answer
the question where we ended, i.e. point d, wrt. the first part of the path, i.e. vector ab, given only
the partia knowledge abic and bc:d. See Fig. 2 for an example.
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Fig. 2 The for the path abcd the ComposTion of the relations abic and be:d  The result is a
disjunction meaning that d can be everywhere on the right of vector ab, but not on the line
through aand b or to its left. The result can not be sharpened without further knowledge
available, e.g. about thelengh of ab and bc or different paths.

4.1 Coarse Composition

COARSE COMPOSITION is an efficient generdization of the composiTION operation. |t combines
neighborhoods of fine relations to form a coarse relation; the compPosITION then is carried out on
the coarse relation. Typicdly, but not necessarily cOARSE ComPOSITION leads to a coarser result.
COARSE COMPOSITION only takes orientation knowledge into account, i.e. it deds only with the
reldive orientation of the vectors, but not with their length. See Fig. 3afor an example and refer to
Freksa [1992b] for adetailed discussion.

4.2 Fine Composition

FINE COMPOSITION takes into account that due to the orthogona lines through a and b thereisa
kind of rough distance knowledge available which can be exploited. Thus, for some combinations
we can obtain better results. See Fig. 3b for an example and Freksa [1992b] for a detailed
discusson.

AB_ | E— AB?Z E AB_|
° °
Coarse™AB D Fine 'AB | D
e
) o
BE_ | D— BE!:D BE D

Fig. 3 For the path abed (Fig. 2) coarss CovposiTion Of abie and bed yields that dis somewhere
behind the orthogonal line through b. The grayed dots describe the used coarse relation. With
the ANE CovrosiTion we get the result that d is even behind the orthogonal line through a, because
weknow that eis behind bin thefirst relation.

Thus, we have two operations with different granularities from which we can choose according to
the available ressources. It should be noted, however, that athough the operation of CoARsE
COMPOSITION can be execued faster than the FINE ComPOSITION Operation it typicdly leads to
longer congraint propagetion time. This is because the chance of sharpening a relation obtained by
COARSE COMPOSITION When combining it with results obtained via a different propagetion peth is
higher than with the results of the FINE COMPOSITION Operation, which leads to an additiona
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propagation of the sharpened results and a longer overdl computation. The main advantage of
COARSE COMPOSITION gopears in Stuations where no fine relations are avalable or where a fine
relation is subsumed by a coarse relation. Here, COARSE COMPOSITION can avoid the necessity of
exploring digunctive aternatives and thus prevent the problem of combinatorid exploson. See Fig.
4 for an example of how two different propagation paths can be combined. Although each step of
the compPosITIONs leaves us with a digunctive result, we end up with one single relation after

combining the results
? = ? =
90 °

Fig. 4 Combining the results from both path abcd and abed of the above example, i.e. taking the
intersection of the resulting relations, since both cases must be true, restrictsdto beontheright,
behind the orthogonal line through b, for coare ComposTion, or @, in the case of ANE ComPoSITION,
respectively.

5 Additional Operations

Up to now we have presented the CompPosITION operation which alows us to draw conclusonsin
the case of chaining paths. Now we will focus on operations that dlow us to change the reference
vector within one rdation. With these additiona operations we are able to compute the relation for
every possible permutation of points. For a detailed discusson see Freksa and Zimmermann
[1992]

5.1 Inversion

The first operation is caled INVERSION (INV). It maps the relation between ab:c to the relation
between ba:c, i.e it inverses the orientation of the reference vector. See Fig. 5 for the exact
mapping of the operation INv.

e ¢ o
e 6 o
N -~ .« 4 o
~/ > T N
/a\ /a\

Fig. 5 The table shows the results of thelnversion operation in the corresponding positions.
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5.2 Homing

The next unary operation we will focus upon is cdled HomING (HM). This operation maps the
relaion alic to bc:a, i.e. we ask about where we have come from when further proceeding from b
to c. SeeFig. 6 for the results of thisoperation.

Fig. 6 The results of the Homing operation in the corresponding positions.

Note that the HoMING operation dlows us to subsume the quditative navigation appoach presented
by Levitt et d. [1987] , see Fig. 7. When standing at some given point and taking a panoramaview
we can determine our position relative to the axis through dl points from the order in which the
points occur in the panorama. I, for example, B gppears on theright of A we can conclude that we
are on the right side of the line running from A through B. This forms the basic source of knowledge
in the approach proposed by Levitt et a. and can be modeled through the use of HOMING.

\ 1

|
—_? ? -
- |
\ _ ?7?
? ??
Panorama AB 2?7 2?7

Fig. 7 The use of the operation HM to model the qualitative navigation approach proposed by
Levitt et a.. Of course, if sharper knowledge about the position of Bwrt. OA isavailable one gets
better results for the position of O wrt. AB.

5.3 Shortcut

Thelast operationiscaled sHorTcuT. Given the rdaion ab:c it yiddsac:b, i.e. the postion of b if
we take the shortcut from ato b. SeeFig. 8 for the results.
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Fig. 8 Theresults of the SHorTcuT operation in their corresponding positions.

54 Example

With these operations we are able to compute relations for dl possible combinations of points. We
can now combine them to form other kinds of dua operations than ComPOSITION, €.g. we can
compute the relative pogtion of objects wrt. the next part of the path if their postion to the current
path is known. With this knowledge we can provide an agent with reassuring conditions that must
be true when heis il on its correct way.

| HM| _®|  Composition
ab d — db a

e _|

|
|
]
I%I
.+:+.

ab__cmyba c

Fig. 9 The prediction of path assuring conditions. HMI is short for INV(HM (x)). When the
positions of the points c and d is known wrt. ab we can predict the positions at which cmust be
wrt. bd, when proceeding further. Thus an agent can check whether it isstill onitsright path, i.e.
bd, even if cbecomes obstrued, e.g. by some obstacles.

6 Algebraic Combination of Operations

Fig. 10 shows how the operations can be combined dgebraicaly. This kind of combination is not
commutative, but it is associative. The associativity dlows us, for example, to gpply a generd and
possibly pardld congtraint propagation agorithm in which the temporad order of combination does
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not metter. If the combination were not associative, we would be restricted to an ordered
computation, e.g., backward chaining.

0 ID INV | SC S HM | Hwm
ID ID INV | SC Sl HvM [ HMmI
INV |INV |ID Hv |HmI Sc |Sa
Sc e Sc | Ip INVv  HMI [HM
Sa Scl | Sc Hvi |Hm  ID INV
Hv ||HM [HwmI |INV |ID Sa | Sc
Hml |[HMI |HM [Scl [ SC INVv |ID

Fig. 10 The algebraic combination of operations. The result of HM (SC(x))? HM I(x) can be found
in the fourth row, column six. SCI is short for INV(SC(x)).

From this table we can see tha Hv and INv done would be sufficient to generate dl other
operations, because ? ?(HM (X))=Sci(X)=INV(Sc(x)), by applying 7?v2ve can produce Sc, and so
on. We provided the other operations since they have a naturd meaning and they alow usto define
complex manipulations more eesly.

One problem is that the operations HV and Sc sometimes yidd a digunction asresult. 1t has been
pointed out to the authors that this can be fixed when the underlying representation frame is
extended by a circle with diameter ab, Fig. 11, see Latecki and Rohrig [1993] for details. Although
thisis atechnica enhancement which resolves the two digunctions thereis no evidence that humans
are cgpable of estimating whether an object isindgde or outside that circle and it till does not fix the
overd| digunction in point a and b.

H
ke
|\_/|

HOREOREON @ {
® ®

B
o
B
it

®
(»cfzﬁZIﬂz zﬁ
EOX FOR
@D D {4 O O O
[] T []
HM SC

Fig. 11 Howming and SHortcut 0N a representation that has been extended by acircle with diameter
ab. Thisfixes the disjunctions obtained at positions between the orthogonal s through a and b but
the universal relation in a and b still remains.
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7 Using Path Knowledge

The representation of spatial orientation knowledge introduced above was originaly designed for
representing relationships between datic pogtions of landmarks. We now introduce a dynamic
component: motion. While in the representation described above, a single location was related to a
reference vector, we now relate a motion sequence leading from the end point of the vector to that
location. In the case tha the rdlation consists of severa possible locations we derive severd
possible paths. Thus, instead of reasoning about Stetic Stuations, we take into account the possible
motion sequences through the relation space according to the conceptua neighborhood structure,
see Zimmermann and Freksa[1993] for details.

The representation conggts of two levels  a digunction of equaly possible sequences and the
underlying sequences themselves. Sequences are enclosed by square brackets and show the
different intermediate sates the mover will enter on his path. Although, the resulting sequences may
seem trivid to a human observer, they capture knowledge about the structure of space that was not
available before, snce possible locations were just dements in an unordered set.  The sequences
are grouped via curly brackets and form an exclusive digunction, i.e. only one of them may be
chosen.

Example

In the dtatic representation, the knowledge that ¢ is on the right back wrt. vector ab isdepicted by
one relation, see Fig. 12. This representation is now transformed into the sequence of intermediate
relaions depicting the path from b to c¢. The underlying assumption isthe direct connection of b and
c by agraght line. This resultsin the sequence depicted below.

ab

C

->

ab{[

.

| -

® e

Fig. 12 The static representation is transformed into a sequence of intermediate states.

Imagine now that the person is waking down the Sreet from ato b, then turnsright a b and
suddenly notices at ¢ that there is a house on the right that had been occluded by trees previoudy
(Fig. 13). Wheress in the former approach he could draw the concluson about the satic position
of the house wrt. vector ab, the person is now able to derive knowledge about possible shortcuts

from b to the house.

{ o
— — —1 o
[ J
ﬁ — — —re-
ab ¢ composed with be dyiddsab |® d
Fig. 13 A house occluded by trees on the first part of the path and the static result.
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In the static approach, each black dot denotes a possible position of d related to ab. In the motion
based gpproach, we interpret the input of the calculation as descriptions of motions. Thus we
obtain three possible sequences asresult:

_|® 1
- _|®
ab{[ ; 1} ¢ composed with bcf[ ; I}d yields

G e

ab {[ | ; 1, [

hd

Thismeansthat if the person walks from point b to point d there are three possible quditative
directions a shortcut from b to d could have (see dso Fig. 14):

i)  wak ahead to the right,

i)  wak perpendicular to theright,

i) walk to the right back.
In the third case we are able to make predictions on his future encounters on his path, which may be
used to guide his orientation about where to expect the house. To reach the last possible location of
the house, eg., he has to cross over the position of point a again, which would suggest to find a
shortcut, not from b, but from a.

Time
.

Fig. 14 The resulting possible sequences resolved by both, direction and time.
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8 AddingDistance*

Up to now we have dedlt with position and orientation in both the static and the dynamic approach.
We will now show how knowledge about distances can be added to the representation. For a
detailed discusson of this see Zimmermann [1993g] and for an introduction to ?-caculus, the
underlying formalism used for enhanced distance reasoning, see Zimmermann [1993b] .

In the above described reference frame three vectors occur explicitly: The vectors AB, BC and
CD. These are now mapped from vectors to unoriented edges, since we want to exploit their
distances. Additiondly we introduce the orthogona distance between point C and line AB, Dx, and
the distances DyA and DyB between point C and the two orthogona lines. See Fig. 15 for the

resulting edges.
Dx
7/c '—c
4 T

| DyB

A |

Fig. 15 The introduced edges. Edge a, b, and ¢ coincidence with the vectors BC, AC, and AB,
correspondingly. The edges Dx, DyA and DyB decompose edges aand b orthogonally.

From these edges we take a further abdraction: their length. The lengths are represented
symbolically and related via ?-caculus. Each kind of knowledge, length and position / orientation is
treated separately by agenda based domain experts which communicate via a black board structure.

8.1 TheMapping Between Position and Distance I nfor mation

This section deals with how the different knowledge sources interfere. Aswe can seein Fig. 16, the
distances redtrict the posshble postions and vice versa As a means of communication a black
board agenda has been chosen to which each inference component sgnas new fects.

From now on big letters will represent points and small ones name edges.
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a<b a=b a>b a<c a=C b=c b>c
eo%0

—e— ara

000 oo e|e

oo oo

(1 1 oo ogoe

Fig. 16 The mapping from distance knowledge to position knowledge and vice versa. For each
possible relation between the length of two edges of the triangle a, b, and ¢ the possible positional
relations within the reference frame are given. For the black dots the mapping can be converted
meaningfully, i.e. one can map the position into a single relation between the lengths of the edges.
For the gray dots every relation between the lengths of the edges are possible.

Note that the different logica combinations of the results of the mapping for each distance rdation
resemble the combination of the source relations. Thus, from a<c and b>c follows a sharper result
because the intersection of the single results can be taken.

a<c and c<b a<c b>c

Fig. 17 The combination of more than one assertion. Note, that although within the qualitative
spatial representation the shape of the restricted area and its small size can not be represented,
thisinformation is still available within the composed knowledge bases for means of visualization,
for example.

The following Fig. 18 depicts the redrictions that are introduced by relating not only edgesa, b, and

¢ but dso Dx, DyA, and DyB viafirst order ?-caculus. The exact description of the areas and the
corresponding congtraints are not given due to the restricted publication space.
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Fig. 18 Theresulting areas from relating each of the edgesto each other.

9 Conclusion

We have presented a framework for representing spatid knowledge and peforming spatia
reasoning. It features an intuitive iconic representation and is versatile. We have shown how the
formdism can be used for spatid reasoning at different levels of granularity. The approach has been
extended by the concept of motion and it has been combined with reasoning mechanisms for the
domain of distances.
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