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Abstract

In this paper we concentrate on natural language
processing, especially on the spatial reasoning needed for
the processing of localization facts. We argue that a purely
propositional (rule-based) formalism is not adequate for
doing this job, but that a hybrid formalism is necessary.
In our case the word hybrid is used for a system combining
a propositional and a depictorial subsystem. Two different
alternatives for such a formalism are presented.

This article is concerned with aspects of the representation
and processing of spatial knowledge inside a text
understanding system. Spatial reasoning is of special
interest because it forms the intersection of such different
tasks as vision/perception, the use of cognitive or geogra-
phical maps, physical reasoning and - last but not least -
natural language processing (e.g. DAVIS 1990). For
reasons of cognitive adequacy (cf. HABEL 1987) and
computational efficiency (cf. LINDSAY 1988) we propose
the use of a non-propositional formalism which relies on
the idea of mental images end which we call depictorial
(following KOSSLYN 1980).

As a sample domain we use localization facts which form
an important class of spatial expressions. Static
localization facts describe the location of objects (example
(1)) or situations (example (2)), while 
localization facts describe the motion of objects (example
(3)).

(1) The university is located near a lake.

(2) The demonstration was in front of the city hall.

(3) We walk around the lake.

By abstracting over time, dynamic localizations can be
transformed into static localizations by reducing the

motion to the trajectory of the object, called the path, end
locating the whole path or parts of it, such as the source
or goal. Using knowledge about classes of situations, the
localization of situations can be transformed into the
localization of objects (see PRIBBENOW 1991 for more
details). After these two steps, each localization fact can

be described by a triple <LE, RO, REL>, where LE denotes
the en:i~ to be located (object, path or part of a path),
RO the entity forming the anchoring point of the
localization, the reference object , and REL the spatial
relation holding between RO and LE, mostly given by a

preposition. The conceptual meaning of a concrete
localization fact is determined by the corresponding

localization area (HABEL / PRIBBENOW 1989). This area
functions as a search domain (following MILLER 
JOHNSON-LAIRD 1976) end denotes the union of all
possible locations of the LE.

For representing and reasoning about spatial relations like
’near’ or ’in front of the form (size end gestalt) of LE and
RO end the configuration of all objects involved in the
situation must be taken into account. For handling
trajectories in cases of dynamic localization or relations
like ’around’ and ’along’ (cf. HABEL 1990) we need
topological concepts like path (in the mathematical
sense), simple closed curves and so on. Due to these facts,

a propositional description of localization facts must
contain a great amount of topological end geometrical
knowledge (see CRANGLE / SUPPES 1989 for 
classification of the mathematical concepts underlying
various spatial relations).

If we only use propositional means to process localization
facts, then the whole topological end geometrical theory
which is necessary to describe the spatial concepts of
localization must be axiomatized explicitly, and inferences
have to be computed on this basis. In that case, two
problems arise. First, there is at present no complete end
correct axiomatization of human spatial concepts. Second,
even if we had such an axiomatization, inferences will be
intractable or, as Davis in his book about commonsense
knowledge pointed out: "The very richness of geometric
theory makes it essentially hopless to expect useful results
from applying a general-purpose geometric theorem prover
to arbitrarily constructed sentences in a geometric
language. (...) It is generally necessary to restrict very
tightly the kind of information allowed in a knowledge
base and the kinds of inferences to be made, end then to
devise special-purpose algorithms to perform these
inferences. Even so restricted, many simple geometric
problems are computationally intractable, and must be
addressed by approximate algorithms or heuristics."
(DAVIS 1990, p. 246)

These two problems of an explicit formalization can be
overcome if we use a formalism that behaves in the same
way as the domain, i.e. it simulates the domain. Following
PALMER 1978, we call such a formalism analogue to the
domain that it modelled. For the spatial domain, picture-
like (e.g. depictorial) formalisms are analogue
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representation means because topological and geometrical
axioms are encoded implicitly and the inferences are "non-
deductive" (LINDSAY 1988), perception-like processes that
are easy to carry out. While depictorial formalisms are
restricted to purely spatial reasoning, for tasks like natural
language processing these formalisms have to be
combined with propositional systems that handle
functional and language-specific aspects of localization
facts.

One kind of a hybrid system for processing localization

facts implemented by the LILOG-space project at the

university of Hamburg is embedded in the LEU/2 prototype

developed by IBM Germany in co-operation with five

universities (see HERZOG / ROLLINGER 1991 for an

overview. PRIBBENOW 1990, 1991 and KHENKHAR 1990
for details of spatial processing). In the text understanding
mode an internal model is constructed by the system that
consists of propositional and depictorial facts and
corresponds to the mental models of JOHNSON-LAIRD
(1983). This model is used as the basis for question
answering. In the hybrid system, the propositional
component does the language-specific processing of
loacalization facts and handles general regularities between
spatial concepts. All the remaining work, e.g. computing
the concrete size and position of a localization area or
answering complex questions, is carried out by the
depictorial component.

While the correcmess of propositional inferences can be
proved by logical means, the status of depictorial (and
mixed) inferences is not clear as the following example
consisting of the text 0"1) and two questions (Q1) 
(Q2) will show.

(T1) The Chinese pavilion is m ~ont of the fiver, a
dragon sculpture is to the left of the pavilion, and
there is a car6 g~kg~¢.AIhg/..I~ of the river.

(Q1) Is the sculpture near the river?

(Q2) Is the car6 near the pavilion?

The structure of both questions is the same, only the
instantiations for the object variables vary: the text makes
reference to three objects ol, o2. o3, and the spatial
relations between the objects in the two pairs (ol. o2) and
(o2. o3); we must infer the spatial relation of the pair not
mentioned (ol, o3). To represent objects, the depictorial
system uses basic depictions which are based on
assumptions about the typical size and form of object
classes, if no other information is available. This can be
done without any problems, whereas the representation of
form in pure propositional systems involves complicated
geometrical and topological properties. To represent the
relations between ol and o2, or o2 and 03 respectively.
picturelike representations, called depictions, are
generated. To answer any of our questions, the two
depictions are combined to form a new depiction which is
examined by inspection processes.

In question (Q1), we ask whether the sculpture is near the
river. From the text, we know that the sculpture is near the
pavilion and the pavilion is in front of the river. In this
constellation (configuration and form), the sculpture 
placed near the river, as shown in Picture 1. Therefore, the
depictorial component will yield a positive answer to the
first question.

sculpture

pavilion

Picture 1

However, this positive answer is only correct if the
proportions and form of the objects are the typical ones
given by the basic depictions. There are other

constellations which satisfy the textual input (T1) but
which are not generated by our system. If, for example,
the fiver happens to be narrow and in the same size
category as the pavilion, then the answer depends on the
constellation of river, pavilion and sculpture. In most
cases, as in Picture 2a, the sculpture will still be near the
river. However, it is also possible to obtain a negative
answer as for the constellation pictured in 2b.

Picture 2a Picture 2b

So, the answer to question (Q1) must be "usually yes" 
"typically yes" because the ’near’-relation between fiver
and pavilion holds under the assumption that all objects
have typical size and form.

The question (Q2) asks if the pavilion is near the caf6.
According to the text, the pavilion and the caf~ are on
different sides of the fiver. Therefore, the fiver interrupts
the connection between pavilion and caf6 that is necessary
for the ’near’-relation between two objects to hold. Hence,
we will obtain a negative answer to the second question.
Unlike the situation brought about by (Q1), this answer
does not depend on the form and arrangement of the
objects but on the fact that pavilion and caf6 lie on two
different sides of the fiver. So, we obtain the same answer
in every depiction. This negative answer is based on the
assumption that all spatial relations which refer to the
neighborhood of a reference object, such as ’near’, ’in front
of’, ’to the fight’ and so on, require a connection in a
topological sense between the two objects involved. In

our example, the fiver interrupts the connection between
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pavilion and caf~. We will call objects with this
(topological) property barriers.

Although for both questions the answer is inferred
depictorially, the answers are of different status. To be sure
that the answer to the first question is correct, we have to
check all possible constellations. Such a proposal was
presented by BARWISE / ETCHEMENDY 1990, but for
their problems only a small number of cases have to be
considered. If used for the processing of localization facts
however, this kind of processing will lead to a
combinatorial explosion. In addition, in the case of (Q1)
it seems to be more cognitively adequate to give an
uncertain positive answer, which is based on prototypical
assumptions, than m give the answer ~. The
positive answer is justified by a (cognitively adequate)
context-dependent verification, but not by a certain proof.
The second answer is topologically well-founded and
therefore it is certain that there is no situation in which
we could obtain a different result. Hence, the status of the
depictorial proof for the answer to (Q2) is just the same 
that of a logical proof and not merely that of a context-
dependent verification.

Another alternative for a hybrid formalism different from
those developed in the LILOG-space project is a system in
which the depicmrial component guides the propositional
inferences by working out the properties that influenced
the (depictorial) answer. In the fullowing, we describe the
way in which such a system can handle localization by
sketching the deduction process for answering the
questions (Q1) and (Q2).

The definition of spatial relations corresponding to
prepositions have to be done on the propositional level
In general, each spatial relation needs constraints from
many different mathematical theories. As stated in the
introduction a localization expression is interpreted by
building up the localization area functioning as search
domain for the LE (entity to be located) in the specific
situation. So, the localization according to the triple <LE,
RO, REL> is first formalized by means of set theory as
(C1). The space occupied by the LE is part of the REL-area
of the reference object RO.

(C1) place(LE) G REL-areaLE(RO)

The concrete form of this area depends on individual
features of the RO, the LE and the spatial context, which
must be described by other constraints. We take as an
example the relation ’near’. As all relations focussing on
the neighborhood of the RO like ’at’, ’in front of’, ’to the
left’ the relation ’near’ must fit a topological constraint
(C2). It states that LE and RO must be both placed in 
connected part of the space R under consideration - in
topological terms called a connected component. The
space R is separated into connected components by
entities called barriers, which interrupt the connection
between objects located on their different sides. Examples

for barrier objects are rivers, which normally cannot be
crossed easily, walls, and so on. Propositional description
of object classes state whether their members can serve as
barriers, and if they can, then in what contexts.

(C2) There must exist a connected component of R" which
contains both place(LE) and place(RO), where 
denotes the space R without barriers.

Further, we need a propositional description of what the
concrete extent of the area REL-areaLE(RO) will be. This
extent depends on size, relevance and visual perceptability
of RO and LE and on the objects of the spatial context.
The effect of these features is coded by metrical means,
e.g. the extent of the neighborhood of the RO is
proportional to the size of RO and LE. This dependency
between RO/LE and the size of the area must be represented
by concrete metric parameters. Many important constraints
on prepositional relations must be formulated in geometry.
For instance, orientation of objects and directions are
necessary to characterize ’in front of and ’to the left’.

Interpreting a text means inferring the valid propositions
from the constraints given for spatial relations and
objects. Answering questions means deducing the
necessary constraints for the localization triple in the
question. As we pointed out at the beginning of this
paper, to infer an answer solely on a propositional basis
would be very complicated and probably impossible for
existing inference machines, since the propositional
component contains a great number of topological,
metrical and geometrical constraints and facts, and it
cannot determine which properties are decisive for the
solution. Let us have a look at (Q2), a question which
must be answered negatively. A huge search space is
constructed for the deduction. There could be a lot of
reasons why the localization constraint (C1) might be not
valid. For example, according to metrical constraints,
near-areaLE(RO) can be too small to contain place(LE), 
LE and RO are simply too far away from each other.
Further, according to (C2) a barrier can be located between
LE and RO. To refute (C2), all existing objects must 
checked; first, whether they can serve as a barrier at all,
second whether they have a location in which they can
function as one in the specific situation. If a lot of objects
exist in a situation, these tasks will lead to computational
problems.

This can be changed in a hybrid system, if the depictorial
component infers essential information for driving
propositional inferences. Then the depictorial component
provides the propositional component with the observed
topological and geometrical properties of the solution,
which will drive the propositional reasoning.

To answer a question, the depictorial component will
generate a typical picture with respect to the facts given in
the considered text. For text (T1) and question (Q2), such 
picture could look like Picture 3:
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[] csf~

sculpture

~] pavilion

Picture 3

This picture shows that the LE, the caf~, and the RO, the
pavilion, are separated by the river. This task is only
realizable for depictorial systems which explicitly prove
all the constraints for the relation under consideration. So,
for (Q2) the depictorial system will try to show the
topological condition (C2) by detecting the connected
components. After this has failed, it informs the
propositional level that there is an object functioning as a
barrier, here the river. All other branches of the deduction
tree can now be ignored. In the case of (Q2), rivers are
proved to serve as barriers in such contexts. Thus the
propositional system generates the proof that the caf~
cannot be near the pavilion. So, after receiving the
information that the pavilion and the caf~ are separated by
the river in the depiction, the propositional component
can easly deduce the certain negative answer to question
(Q2). In contrast, in a propositional system without 
depictorial component, the inference process can only be
guided by general search strategies. Since barriers seldom
influence the inferences about localizations, connectedness
constraint (C2) will usually be taken into account as one
of the last.

For (QI), a depictorial process using a depiction like 
Fig.1 infers a positive answer. The relevant points of the
deduction process are passed on to the propositional level:
objects and areas that are considered. The important
information for the propositional component is that the
pavilion not mentioned in the question, and that the front-
region of the river with respect to the pavilion as well as
the left area of the pavilion with respect to the sculpture

must be taken into account. These facts narrow the
deduction tree too, but not as well as the hinds do in the
negative case above. As the counterexample of Figure 2b
shows, no certain answer exists for QI. So, the hybrid
system can recognize this and explain why the answers to
our two questions are of different status. The answer to the
question (Q2) can be justified by a propositional proof
which is based on topological relations (obtained by the
depictorial component). In the case of question (Q1), 
propositional component of the system does not f’md any
proof, but the system can find a default answer by using
the typical depiction.

For propositional systems
relations, it is necessary to
knowledge used. In the case of
is set-theoretical, topological,

reasoning about spatial
model all mathematical

Q1 and Q2 that knowledge
metrical and geometrical.

The formalization of all of these spatial concepts was
stated as one of problems not yet solved. One way out
may be to formalize only the easier cases on the
propositional level in a hybrid system. Then, if the
propositional inference process falls due to incomplete
knowledge, we still have the (at least typical) depictorial
answer. So, in the hybrid system the propositional spatial
knowledge can be incomplete and we can still infer the
answers (by a depictorial component), since the spatial
knowledge needed is implicitly coded in depictions.
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