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I ntroduction
Spatial Cognition — Foundations and applications

Sean O Nuallain

Mind lll, the third annual conference of the Cognitive Science Society of Ireland
(CSSlI), took place in DCU from August 17 to August 19, 1998. It was spon-
sored by Nous Research (nous@dna.ie). The Mind conferences focus on a
different theme every year; in 1998, 55 researchers from flérelnt countries
representing the disciplines of Psychology, Computer Science, Linguistics and
Geography convened, to discuss how people think and communicate about space.
With respect to consciousness studies, several of the papers here discuss the
detailed structure of the representation of space in short term memory (STM).

Cognitive scientists study many ftrent phenomena within the general
topic of spatial cognition. Those concerned with environmental cognition study
people’s internal “cognitive maps” of their environment, and how they learn the
layout of new places they visit. Other cognitive scientists are concerned with
how we communicate about space, e.g. in giving route directions. Some others
study the power of spatial metaphors, both in language and graphics, for
communicating and reasoning about non-spatial information.

Apart from the obvious human interest of this research, there are massive
technological consequences. We are moving fast into the age of intelligent
multimedia, an age in which computers will show an ability to process multi-
modal inputs in real time. These advances have highlighted the need to better
understand how people think about space, so that we can design “user-friendly”
computer and information systems. For example, cognitive science is informing
the development of computer interfaces, multimedia, virtual reality and in-car
navigation systems.

This collection is divided into four thematic sections. The first is episte-
mological issues, where the topics range from a formalization of the topology of
spherical regions to descriptions of gendeffetences in spatial cognition and
the way in which usual mass media disrupt normal spatial intuitions. We then
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venture into the area of software applications. We find here an intriguing range
of applications, from intelligent multimedia (intellimedia) products which process
multimodal signals (indeed, in the case of the Sonas system, multi-user multi-
modal signals) in real time, to geographical information systems (GIS) and tools
for diagrammatic reasoning. The third section’s analysis of space and language
emerges from questions like how symbols like cognitive maps arise from sensory
stimulation. The critical issues — for example the semantics of prepositions like
“at” and “across” — merge here with questions about how to represent sentences
involving them in modelled environments. Finally we come to the section most
relevant to this Advances in Consciousness Research series; memory, conscious-
ness, and space. We are concerned here in particular with the issue of unpacking
the old coarse-grained STM versus LTM dichotomy, and in particular articulating
the detailed structure of the former.

Section |. Epistemological issues

Gary Allen, with whose contribution we open this book, must be lauded for his
courage! On the one hand, he is exploring the politically sensitive area of
cognitive sex diferences; on the other, he is concerned with the development of
a conceptual taxonomy for spatial abilities in which thes&edénces will
emerge in some principled fashion. His conclusions, which focus, inter alia, on
sex diferences with respect to the use of working memory, make interesting
reading indeed. (In section four, we shall note a paper by Pearson and Logie that
re-addresses this issue of working memory).

The following three contributions all focus on a theme central to this area;
the world considered in terms of the set of possible actions one can perform on
it (egocentric cognition) or as some kind of shared map (intersubjective cogni-
tion) — O Nualldin (1995, 2000), contains an analysis of this distinction.
Tirassa’'s counterpoint to this distinction is “coupled” versus “decoupled”
architectures. Only the latter can truly be termed representational. The former can
be further divided into pure reflex actions, and information pickup in a Gibsonian
manner based onfardances. Representational architectures, on the other hand,
begin with the deictic, where organisms represent only what they can perceive.
Once object permanence (in the Piagetian sense) is achieved, we enter the realm
of base-level representations. The formal, “meta” level, accessible only to higher
primates, involves the ability to represent one’s own representations. Tiarassa’'s
work is very influenced by the situated cognition view that interaction is key.
Carassa et al.’s work, which follows, analyses the shift that occurs from egocen-
tric to intersubjective cognition as familiarity with a scene grows.

Sholl's superb paper, which follows, is concerned about finding experimental
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evidence for the operational distinction between self-reference (egocen-
tric/coupled) and allocentric (intersubjective/decoupled) systems. She points out
that this distinction has a neuroscience basis; experimental work on the hippo-
campus has indicated that it acts as a locus for egocentric knowledge in rats as
in humans. The ingenious experiments described in this paper indicate indepen-
dent access to the two systems. Hornig et al.'s work on the same general theme
considers Franklin and Tversky’s schema as they search for an overall organising
principle for mental models. Paradoxically, they find that one may have an
allocentric reference frame in an egocentric mental model. Gott's work continues
this subsection. With many examples, he shows how his RCC formalism can
handle 2-D regions forming part of a spherical surface like Earth’s. He is honest
about the limitations of these formalisms; there are constraints even on these
surfaces, let alone the surfaces defined by Riemann and other geometries, that
RCC cannot handle.

Following is a precipitous decline from these theoretical heights to an
engaging empirical paper. Again referencing O’Keefe’s and Nadel’'s work on the
hippocampus as a cognitive map, Grobéty et al. address the issue of whether
cognitive maps are route-like or more flexible. Both rats and humans, they argue, can
orient in a visually homogeneous environment.

It is time to introduce at least one non-believer. Smith points out the ambiguity
of “on” in such sentences as

Stand on the sidewalk.
The house is on the lake.

We who are working on the Sonas system (which bears mine and Arnold’s initials
and is Gaelic for “happiness”) believe that such sentences can fully be analysed in a
large percentage of cases by combining information from the reference and the theme
objects, verb and preposition. And no, it's not easy, nor is there a guarantee of
success. However, Smith’s paper is going for bigger game; the western worldview
itself, and its drive to reduction and analysis.

Such a worldview, he argues, must be learned. Continuing on the “worldview”
theme, Speed et al. show how new media technologies produce counterintuitive
results with respect to the use of spatial expressions. A feed taken from a helicopter
concerning trffic can end in much user confusion with the use of “behind”,
“below”, etc. Speed et al.’s conclusion is that Cartesian 3-D space is as inadequate
for this type of description as Cartesian dualism is bruited to be for the description
of the mind.



Xii SEAN O NUALLAIN

Section |1. Softwar e applications, multimedia, GI'S, diagrammatic reasoning
and beyond

In this section, we detect a range of new techniques, at least through a glass darkly.
Intellimedia products designed to achieve the age-old goal of “making computers
invisible” by making the products so small, and their use so natural, that nobody
notices their being used, will begin this section. We then move on to aids to
diagrammatic reasoning that will perhaps help us all improve our reasoning abilities.
It is too much obviously, to expect that we will all be capable of the insights of a
Kékulé, Faraday or Einstein as a result of such products.

At a time when he was groping toward the cyclic model of Benzene which
made him famous, Kékulé had a dream involving the archetypal image of a snake
swallowing its own tail (though it has to be said that Kékulé gave sevefidrednt
versions of this story). Faraday’s insight, followed up by Maxwell, conceived of the
electromagnetic medium as fluid under stress, and the electromagnetic field as
vortices in the fluid. Lastly, Einstein’s investigation of special relativity began with
a thought experiment in which he imagined riding astride a light beam.

Paul McKevitt's paper gives an introduction to the general topic of intellimedia,
as exemplified by Aalborg’s “Chameleon” system. He describes other systems such
as those emerging from the Saarbrucken Vitra (visual translator) environment: Soccer
(which is self explanatory!) and Moses, which shows how a user generates step —
by-step route information. Situated artificial communicators are exemplified by
Richert's system, which shows how a model airplane can be constructed from
wooden bits by human instructions. Okada’s Aesopworld, McKevitt would agree, is
hamstrung by a pre-Kantian (and perhaps pre-pre-Socratic) view of mind. Chameleon
itself is an exciting system which accepts multimodal input, with a dialogue manager
to handle the natural language element, a gesture recogniser to track 2D pointing
gestures, a laser system to act as a system pointer as the system explains directions,
and customised speech and syntax/semantics modules. The frame-based knowledge
representation and the blackboard model to integrate tfereint modalities are
relatively undeveloped, but the system’s “Topsy” learning capacity adds some
valuable functionality.

The SONAS system, still in its infancy, is introduced by John Kelleher, Tom
Doris and Qamir Hussain. Its multimodal and multiuser environment we have
previously mentioned; we are currently experimenting with the basic architecture
across a range of flerent graphics environments, including VRML, and OPENGL.

The limitations of this print medium prevent proper appreciation of the next
paper by the Eisenbergs. Hypergami is an educational application for the creation
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of polyhedra; there exist advisors that suggest how to operate on these. The
charm of these structures eludes the written word or two-dimensional diagram.
Bob Lindsay’s paper for this volume “Using spatial semantics to discover and
verify diagrammatic demonstrations of geometric propositionfeds from and

is considerably more informative than the original conference title “Discovering
diagrammatic representations”. As he points out, diagrams and maps help
preserve spatial representations; language-like representations don’'t do so. We
are, in a sense, back to the Kkilling fields of the mental imagery debate about
whether the representations and processes underlying expression of mental
images are analog or propositional. Lindsay would probably agree with
Shephard’s conclusion that mental imagery and its associated cognitive processes
are functionally similar to vision processing. Diagrams must be reflected on, with
respect to reasoning, vis a vis their comprehension, generation and use. Lindsay’s
work, which dates back thirty years, must be considered in the context of
complementary work by Iwaski, Barwise, MacDougal, and others.

Lindsay emphasises that what geometric rules are about is constraints. These
can be expressed in forms as simple as spreadsheets. He goes on to detail the
Archimedes system. Andrew Frank, who was one of our keynote speakers,
emphasises that a formal specifications of spatial objects and relations is critical
for geographical information systems (GIS). He speculates that image schemata
(in the Lakdt-Johnson sense) for geographic space aferéint from those for
table-top space. With many references, he gives a thorough description of image
schemata in general, passing on to an exemplification before reaching his
conclusions.

Betrancourt et al. attack the problem of conveying the temporal structure of
multimedia documents. After reviewing spatial mulitimedia authoring problems
and the cognition literature, they indicate how their system “Madeus” conveys
temoral organisation by a spatial description. With a schorlarly thoroughness,
they analyse some experimental results. Finally, on http://www.compapp.dcu.ie/
~tdoris/mind3.html, the reader can view a set of papers that didn’'t make it into
this book.

Section I11. Language and Space

We begin this section with two papers on the intrinsicallyficiilt topic of
lexical semantics of spatial expressions. Smith’s paper in section | has given us
a basic insight into how complicated this area is; simply put, the use of the
preposition “in” in these two (three!) sentences;
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Put the bun in the oven
Bloomsday first took place in Dublin

is vastly diferent. How is a computer meant to process sentences involving such
expressions, with the inherent possibility of nightmarish ambiguity ?

One solution, advocated by Landau and Jackén@ee Anibaldi's paper)
is that there exists only one spatial representation for the geometric properties of
objects and the spatial relationships between them. If only life were so simple!

For a start, prepositions can be divided between location (“at”), motion
(“across”) and various misfits like “over”. “At” can be said to give the coinci-
dence of a point-object with a point-place in a cognitive map. “Across”, in
common with other motion prepositions, defines a field of directed lines with
respect to the ground, not the orientation of a path. Specifically, “achogdVes
mapping of ground to volume, volume to area, then the motion is specified. A
preposition, then, can either locate the end of a trajectory with respect to the
ground, or describe the location of a figure with respect to a reference object.
Briefly, a figure, which can be any shape or dimensionality, is the object whose
disposition is at issue, and the ground (which can be any shape) is the object
conceived of as stationary. However figure/ground information does not yield
anything like as much information as we ne@dcelLandau - Jackendb

We can also safely deny that the structure of space as encoded by language
is given by vision. With that basic discussion which, as Anibaldi’'s paper makes
clear, owes much to the work of Annette Herskovits, let's get to the matter at
hand. Gurney and Klipple’s paper is concerned with the composition of concep-
tual structure for spatial motion imperatives. Their work focuses on a 3D
geographical information system used, perhaps unfortunately, for military
purposes. They focus on such expressions as “Crawl straight ahead” and “Look
to the South East”. They conclude that language and motion must concern itself
with coordinate systems, axes, and both motion and direction vectors. As for the
problems pointed out by Smith, they propose with touching American optimism
that vagueness can be handled by pragmatics and world knowledge. The parser
itself implements principles and parameters syntax.

Anibaldi’s and my paper proposes a rich solution to the problem of spatial
prepositions. The paper will repay careful reading; briefly, we propose that
spatial expressions admit of conceptual, semantic, and geometric levels of
analysis. The conceptual level reflects information elicited from the object’s
place in an ontology and thus can inform us about selectional restrictions. The
semantic level involves the mappings to point, area, and volume that the
Herskovits approach requires. Finally, the pragmatic level caters for the semantic
shift evidenced in the use of “on” here:
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The house is on the lake.
The cup is on the saucer.

Tensors are one of the most interesting recent mathematical approaches to
modelling mental processes. (Seeffdtan’s paper in Volume 9 of this series.)
The essential inspiration is that many cognitive acts involve mapping entities
between spaces of fierent dimensionalities. For example, the bone-joints
(shoulder, wrist, elbow, etc.) we use as we perform an act like catching an object
together define a very high dimensional space. Yet the target is a single point in
four-dimensional space (Il include time). The tensorial theory of mind insists that
such transfer of invariants is the core of cognition; in fact, the principles of
invariance themselves are analogous to Kantian categories. Schmid et al.’s paper
is concerned with the problem of modelling spatial inferences in text understand-
ing. They argue that a tensorial approach works better for spatial relation
modelling than usual qualitative approaches. We conclude this section with
Stenning and Monaghan’s comprehensive review of experimental work focussed
on linguistic and graphical representations. Stenning and Monaghan themselves
focus eventually on a study that established that diagrammatic teaching using
Hyperprof extended students’ competence. On the way they cite evidence that
mental models, and Euler’s circles are manifestations of the same abstract
algorithm. Consequently, we should all have massive spatial reasoning abilities;
however, performance-competence issue analogous to that in linguistics inter-
venes. Stenning et al.'s engagement with the area is most impressive.

Section 1V. Memory Consciousness and Space

Part of the educational experience of Mind-3 was the precision of the analyses
of the structure of memory. Baguley’s neat demonstration opens this section for
us. He argues that episodic construction trace is a fundamental concept in the
analysis of short term memory. There is a considerable computational cost for
introducing new objects with respect to old objects. Analysis of processing costs
during reading are done in the context of mental models theory, and the experi-
ments make interesting reading.

We end with two enthralling experimental and computational contributions
to this, the topic most relevant to consciousness studies. Bollaert first performed
experiments on mental manipulation, and then ran a simulation compatible with
his and other experimental results. His hypotheses included an expectation that
response times would be longer with larger inter-object paths, and that stated
spatial relations should result in a shorter response time than unstated such. This
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eventual model proposes three separate modules; an object memory for higher
visual areas, a feature memory for intermediate visual areas, and a shape memory
for retinotopically organised areas. His neural network simulation shows patterns
compatible with the results of the experiments. Finally, we come to the article
closest to the expectations that might be hatched by the writer of this book’s
blurb. Pearson and Logie’s paper is mainly a review proposing a framework in
which specialist components act as temporary storagkerdsufor visual-spatial
and verbal material, while a central executive generates and maintains visual
images.

I hope these pages convey some of the excitement of the event.

Reference

O Nuallain, Sean (1995, 2000he Search for MindExeter: Intellect.



PART |

Epistemological |ssues






Men and Women, Maps and Minds

Cognitive bases of sex-relatedigrences
in reading and interpreting maps

Gary L. Allen
University of South Carolina

The study of sex-related flierences in spatial cognition is motivated in large
part by natural curiosity about the evolution of mind. Currently, psychologists,
philosophers, and biologists appear to be rather distant from a mutually satisfac-
tory account of how co-actions between genetic and environmental influences
have resulted in cognitive flerences so pervasive that often they can be
detected statistically in modest-sized sampldfedintiated only on the basis of
sex. Of course, a satisfactory account of how sex-relatffdrdnces in spatial
abilities may have evolved must be based on a solid empirical accounting of
what diferences actually exist, an undertaking that has proven challenging
(Montello, Lovelace, Golledge & Self in press; Voyer, Voyer & Bryden 1995).
Part of the dificulty in providing this empirical accounting is the lack of a
conceptual taxonomy for spatial abilities.

The spatial domain is multifaceted (Lohman 1988), and a male advantage
is not uniform across the domain. The most reliabedénces have been found
on tests requiring the speeded rotation of abstract figures (e.g., Mumaw, Pelle-
grino, Carter & Kail 1984), judgments of horizontality or verticality in the
presence of competing frames of reference (e.g., Witkin, Dyk, Patterson,
Goodenough & Karp 1962), learning or tracing mazes (e.g., Porteus 1965), and
designation of left and right turns (e.g., Money, Alexander & Walker 1965). In
large-scale spatial tasks,fidirences have been reported for navigational strate-
gies, with men tending to rely on metric distance and direction information more
frequently than women, whose behavior reflects a tendency to use proximal
landmarks (Baker 1981; Bever 1992; Lawton 1994).

Clearly, these dierences do not reflect a unitary domain. Instead, these and
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other findings suggest the existence of severfiedint functional families of
spatial abilities (see Allen 1999). Speeded rotation of figures, along with other
abilities involving small figural stimuli, may be thought of as comprising a group
of abilities dedicated to the function of object identification, a “What is it?”
family of abilities. Such a family may have evolved in the service of identifying
and recognizing small objects from a stationary perspective when the objects are
viewed from various perspectives, partially obscured, embedded within another
object, or fragmented. In contrast, the abilities to determine horizontal and
vertical axes, to identify left and right turns, and to negotiate routes may be
thought of as constituents of a group of abilities dedicated to maintenance of
orientation, a “Where am 1?” family of abilities. Such a family may have evolved
for the purpose of keeping a mobile traveler oriented with respect to familiar
locations.

What would these functional families of abilities have to do with map
reading and interpretation? Traditional maps involve arrays of small objects
viewed from a fixed perspective, not unlike the stimulus conditions pertinent to
the family of abilities dedicated to object identification. Yet, the purpose of
object arrays in maps is to facilitate oriented navigation, a purpose pertinent to
the family of abilities dedicated to maintaining orientation. Thus, map reading
could be construed as involving cognitive translations back and forth between
families of abilities. In view of the fact that sex-relatedfdiences have been
found within each of these two functional families, it is not surprising that such
differences have also been found on aspects of map reading and interpretation
(e.g., Beatty & Troster 1987; Chang & Antes 1987). However, theferdnces
have been described as specific rather than general. Women have been found to
be at a disadvantage compared to men on map reading tasks that require labeling
relations among locations and on map drawing tasks that involve no pre-deter-
mined frame of reference. Otherwise, sex-relateffedtnces have not been
reliably documented (see Gilmartin 1986; Gilmartin & Patton 1984).

On the one hand, it is noteworthy that sex-relateffedénces in map
reading and interpretation may be confined to problems involving the use of
directional terms and the application of spatial frames of reference in general. On
the other hand, these problems are not trivial. From a theoretical perspective,
they may provide a fuller understanding of the cognitive basis for sex-related
differences in spatial cognition, thus providing a very small but useful step
towards the goal of eventually understanding the larger picture of ffexelitial
evolution of cognitive abilities. From a practical point of view, thes@idilties
with maps could have profound consequences for wayfinding success and, by
extension, have important implications for the design of electronic navigational
aids. Thus, further research into sex-relateffedences in map reading and
interpretation is motivated by theoretical and practical concerns.
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The aforementioned considerations provide a reasonable rationale for the
empirical study of map reading and interpretation skills aimed at identifying and
examining specific aspects of these skills that yield performanffereinces
between men and women. Based on this rationale, fofierdnt topics are
addressed in the sections that follow. The first of these topics is concerned with
establishing correspondence between two multi-object spatial arrays, a fundamen-
tal skill in map interpretation. The second topic deals with relating a spatial array
to a map of that array when both are viewed from a stationary viewpoint. The
third topic deals with the challenging situation in which correspondence is
established between a traveler’s view of a route through a real-world neighbor-
hood and a simple sketch map of that route. The fourth topic involves translating
one symbolic representation of space into another; specifically, the focus in on
the ability to trace a route on a sketch map after hearing a verbal description of
that route. These topics represent a broad range of phenomena involved in map
reading and interpretation. This breadth provides the means for identifying limits
to sex-related dierences, while alsoffording suficient opportunity to infer
generalizations across tasks.

From one object array to another

Three translations that are fundamental to many map interpretation tasks were
examined in this study, specifically, (a) translation of vertical viewing angle from

a same-plane three-dimensional view to an overhead two-dimensional view; (b)
translation of scale; and (c) translation of orientation so that the configuration of
objects in the environment is congruent with the configuration of objects on the
map. Previous research suggested that the most likely problem to be encountered
by women would be the third type of translation, which involves recognition of

a consistent configuration of objects despite array rotation (Evans 1980).

Method

A simple configuration consisting of a box, a cylinder, and a pyramid was used
for the study. The configuration was photographed from a variety of viewpoints
S0 as to represent severffdrent manipulations: vertical viewing angle only (30
versus 90 degrees — overhead — from surface), scale only (2:1 ratio), rotation
only (views difering in 165 degree rotation), the two-way combination of
vertical viewing angle and scale, the two-way combination of vertical viewing
angle and rotation, the two-way combination of scale and rotation, and the three-
way combination of vertical angle, scale, and rotation. Foils showing mismatches
of configurations were also photographed. From all of these photographs, a test
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set of 140 pairs of color slides was prepared. Participants in the study were
instructed to look at the first slide in a pair very carefully because they subse-
guently were to compare the arrangement of objects shown in the first picture to
that of objects shown in a second picture. Appropriate illustrations of experimen-
tal manipulations were included in practice trials. Participants responded “yes” as
soon as they determined that the two pictures portrayed the same array of objects
(accommodating vertical viewing angle, scale, and array orientation) or “no” as
soon as they determined that the arrays in the two pictures could not be the
same. Data were collected from 12 men and 12 women who were undergraduates
in psychology courses.

Results

A signal detection analysis revealed that men were generally more sensitive than
women to the dferences between correct pairings and mismatches, collapsing
across all three manipulations. Yet, the data showed fierdnce between the
sexes with regard to bias for responding either “yes” or “no.” An analysis of hits,
that is, correct “yes” responses when the two pictures showed the same array,
also showed no ffierence between men (79% accuracy) and women (75%
accuracy) across the fterent manipulations. Correct identification of identical
arrays was at an above-chance level of performance by both sexes on all problem
types. In contrast, an analysis of correct rejections, that is, correct “no” responses
when the two pictures showed fiirent arrays, revealed a significant main
effect, with men (90% accuracy) performing more accurately than women (70%
accuracy). Women showed two instances in which their performance was
basically at chance level, correct rejections involving manipulation of both
vertical viewing angle and scale (58% accuracy) and correct rejections involving
manipulation of both scale and array rotation (58% accuracy). An analysis of
response times revealed ndfdrences between the sexes.

Discussion

These results reflected a specifidfidulty encountered by women when they
must determine whether two configurations of objects are the same while
accommodating for vertical viewing angle, scale, and array orientation. When the
configurations were indeed the same, women’s responses were as accurate as
men’s. However, when the configurations werdfatent, women’s responses
were less accurate than men’s across the board and were essentially no better
than random when problems required multiple translations (scale and rotation, for
example). The implications of these findings for map reading and interpretation
are quite interesting. It appears that women may be at risk for a particular type
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Figure 1. Mean accuracy for men and women in matching arrays consisting of three objects
requiring one, two, or three transformations typical of map interpretation

of map-reading error, namely, incorrectly accepting a configuration of map
features as properly identifying their location in the environment. Such errors
could have a profound impact on orientation and wayfinding success.

In terms of understanding the cognitive basis for these findings, it may be
useful to invoke the concept of visual-spatial working memory (Baddeley 1986;
Logie 1995), a construct that refers to the simultaneous storage and processing
of visually coded spatial information. In problems involving a match between
spatial configurations, the correct answer may be obtained without demanding
too much of working memory. A particular spatial relationship between two
objects could be remembered in one configuration and then subsequently
compared to that between the same two objects in a second configuration. If a
match occurs, a correct “yes” response would be forthcoming, regardless of the
fact that an exhaustive representation of inter-object relationships had not been
constructed or examined. However, in problems involving a mismatch between
spatial configurations, more demands are placed on working memory. To insure
accuracy, multiple inter-object relationships must be encoded in memory initially
and then compared with those present in the second configuration. A single
match or even two matches between configurations does not preclude the
possibility of a mismatch on some relationship. In this study, women may have
relied on more limited sampling of spatial relationships when comparing
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successive object arrays. Consequently, a match on one relationship may have
led to a “yes” response when the configurations were actuallierdint. A
working memory load hypothesis gains additional credence in view of the fact
that problems involving multiple translations tended to take a greater toll on
women’s performance, suggesting a tradielmetween temporary storage of
spatial relationships and the execution of spatial transformations.

From pathwaysto maps

One of the most frequent uses of maps in everyday life involves referring to
street maps or road maps for wayfinding purposes. A street map requires the user
to establish correspondence between the arrangement of pathways in the environ-
ment on the map. The purposes of this study were to determine the impact of
map orientation on the ease with which this correspondence is established and to
examine the relationship between spatial abilities as assessed using traditional
psychometric tests and the ability to establish correspondence between environ-
ment and map. Previous research has demonstrated clearly that misalignment of
environment and map leads to errors in orientation and wayfinding (Levine
1982). Misalignment results in precisely the kind of conflict between spatial
frames of reference that, according to prior research on sex-reldfededces
(Evans 1980; Witkin et al. 1962), should lead tdfidulties for women on map
interpretation tasks.

Method

This study involved a unique apparatus, a model town (1:87 scale) constructed
on a 4.5< 9ft surface that stood 2.5ftflothe floor. The town included 35
separate buildings, including residential housing, commercial areas, a school, and
a factory, all linked by a network of streets lined with street lamps that could be
illuminated. The map verification task used in the procedure required participants
first to examine a pattern of street lamps illuminated along a particular route
through the streets of the town, and then to compare this pattern to a route
depicted on a two-dimensional map of the town projected on a large screen just
beyond the model. Participants were presented 28 trials. On 16 of these, each of
the four routes was matched with an accurate map, one aligned with the viewer’s
perspective and three misaligned. The 12 remaining trials involved foils, one
aligned and two misaligned for each route.

Additionally, each participant was administered a battery of six psychomet-
ric tests of spatial abilities, all selected from the Educational Testing Service's
Factor-Referenced Kit of Cognitive TegEkstrom, French & Harman 1976). The
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battery included the Surface Development Test to assess visualization ability, the
Cube Comparison Test to assess spatial relations ability, the Hidden Figures Test
to assess flexibility of closure, and Gestalt Completion Test to assess speed of
closure, the Map Memory Test to assess visual memory ability, and the Map
Planning Task to assess visual scanning ability. Scores from these tests were
expected to be highly intercorrelated. Data were collected from 34 men and 69
women who were undergraduates in psychology courses.

Results

The results showed that men performed more accurately than women on the map
verification task when the map to be verified was misaligned with the model
town (83% versus 74% accuracy) but not when the map and town were aligned
(89% versus 87%). As in the case of Experiment 1, separate analyses were done
on hits and correct rejections. Theffdrence between men and women was
significant in both analyses, but the performance advantage for males in the case
of hits (85% versus 82%) was only a third of that observed in the case of correct
rejections (87% versus 78%). An analysis of response times in the map verifica-
tion task showed a significanffect of alignment but no sex-relateffects or
interactions. Mean response time for trials when map and town were aligned was
4.4 seconds, as compared to 6.7 seconds when they were misaligned.

Results from the battery of psychometric tests showed sex-reldtededtic-
es in favor of men on all except the test of visual memory, in which ifi@rdi
ence was found. As expected, spatial ability test scores correlated significantly
with each other, with the single exception of Map Memory (visual memory) and
Map Planning (visual scanning). Scores from tests of visualization, spatial
relations, speed of closure, flexibility of closure, visual memory, and visual
scanning were all positively correlated with performance on the map verification
task, and these correlations were equal to or larger than the correlation between
sex of participant and map verification performance. Thus, statistically removing
the influence of these abilities individually eliminated the significant correlation
between sex of participant and performance on the map verification tasks, except
in the case of visual memory. Because the statistical relationship between sex of
participant and visual memory scores was not significant, removing its influence
obviously would not #ect the relationship between sex of participant and map
verification performance.

Discussion

The results of this study indicated that women were at no disadvantage vis-a-vis
men in establishing correspondence between environment and map when their
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Figure 2. Hfect of map-to-town alignment and misalignment on men's and women’s
accuracy in verifying maps of routes from a model town

Table 1. Correlations among sex of participant, scores on six psychometric tests, and
performance on the map verification task

1 2 3 4 5 6 7
1. Sex -
2. Map Verification .29 -
3. Surface Development .36 A1 -
4. Cube Comparison .24 31 71 -
5. Hidden Figures .25 .25 .53 .49 -
6. Gestalt Completion .20 .29 .46 .35 .28 -
7. Map Memory .09 .29 .32 .27 .30 .25 -
8. Map Planning .20 .26 .59 49 .45 .25 .19

Note: Correlations .20 or larger are statistically reliakig & .05.

perspective of the environment was aligned with their perspective of the map.
When the map was misaligned, however, their performance level was significant-
ly below that of men, although still above chance. As in Experiment 1, women

were less reliable than men in correctly rejecting inaccurate maps. But in this
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study, they also had less success in accurately identifying correct maps. Thus,
women appear to be more at general risk than men for orientation errors in
instances in which maps used as wayfinding aids are misaligned with the
environment they represent.

Women’s dificulties with certain map-reading situations were related to
their lower performance on tests assessing complex spatial abilities, such as
visualization, spatial relations, flexibility of closure, and spatial scanning.
Although basic visual memory ability was related to map reading skill, it did not
differentiate men from women in this regard. The fact that complex abilities, but
not visual memory per se, mediated sex-relateffedtnces in map reading
performance provides support for the working memory load hypothesis. Specifi-
cally, it implicates dificulties with the simultaneous storage and processing of
spatial information rather than with storage alone. Performance on the map
verification task can be interpreted in a manner consistent with this view, as
well. Establishing correspondence between route and map requires additional
processing when misalignment must be accommodated as compared to instances
in which the two are viewed from a compatible perspective. In short, the load of
working memory is greater with misalignment.

From environmental experienceto maps

Maps in the service of wayfinding provide a symbolic representation of a path of
observation through the environment. This study was designed to examine the
ability of men and women to verify a map as an accurate representation of a
specific route after they experienced a visual simulation of travel through an
actual neighborhood. This task is a formidable one because visual simulation
limits perspective information and excludes proprioceptive and vestibular sources
of perceptual information that typically accompany locomotor activity. Also,
maps necessarily include a selective representation of environmental objects.
Such circumstances pose major challenges to spatial information-processing
capabilities. Consistent with prior research, it was expected that men’s perfor-
mance would be more accurate than that of women in this task. The issue of
map orientation was examined in this study, as well. However, the concept of
alignment between environment and map is not straightforward in this case.
During simulated travel, the traveler is always facing forward, so it could be
argued that the only map orientation that is congruent was one in which the point
of origin is depicted at the base of the map, with the direction of travel upward.
However, given the current state of knowledge, the influence of this type of
alignment of initial starting perspective and orientation on a map is largely
conjectural.
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Method

A sequential presentation of color slides depicting standpoints 10 to 20 meters
apart along a 1 km. walk was used as a visual simulation of route experience in
a real-world environment. The walk began in a park, continued through a
university campus and a residential area, and then ended at a large church. None
of the participants had ever visited the neighborhood shown in the slide presenta-
tion. After viewing it twice, participants were then shown a series of 20 maps
showing a route through the neighborhood. In each case, the layout of the
neighborhood as depicted on the map was accurate. However, only eight of the
maps showed the correct path of travel: two each with the direction of travel left-
to-right, right-to-left, bottom-to-top, and top-to-bottom across the map with
reference to the participant’s point of view. The remaining 12 were foils, which
included a wrong turn at one of three possible points along the route, specifical-
ly, near the beginning, in the middle, or near the end. These incorrect maps were
represented in the same four orientations as the correct maps with respect to
direction of travel from the participant’s point of view. Data were collected from
24 men and 24 women who were enrolled in undergraduate psychology courses.

Results

An analysis of overall accuracy on the map verification task in this experiment
revealed no ffect of sex of participant, although accuracy was significantly
above chance level for men (70%) but not for women (62%). As in Experiments
1 and 2, separate analyses were then performed on hits and correct rejections.
The analysis of hits showed that for three of four direction-of-travel depictions
men were better able than women to identify accurate maps of the route through
the neighborhood (76% versus 50% accuracy). The exception was when travel on
the map was depicted in a left-to-right direction, in which case the two sexes did
not differ from each other (60% versus 58% accuracy) or from chance-level
performance. The analysis of false alarms showed no nifgcteor interactions
involving sex of participant. However, there was a robust interaction between
location of error on the map and direction of travel depicted on the map. Errors
at the beginning of the route were uniformly easy to detect, regardless of
direction of travel (84% accuracy). In contrast, errors in the middle of the route
could not be identified reliably by participants regardless of the direction of
travel (58% accuracy). Errors at the end of the route were detected reliably only
if the travel depicted on the map was left-to-right or right-to-left (73% accuracy);
top-to-bottom or bottom-to-top depictions yielded poor performance (43%
accuracy). Response times showed no significant mfgcteor interactions
involving sex of participant.
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Figure 3. HEfect of direction of depicted travel on men’s and women'’s ability to identify
accurate maps after viewing a slide presentation simulating travel along a route

Discussion

The results from this study showed that women generally hfidulty with this

task; they were unable to identify correct maps reliably under any conditions and
unable to detect errors in maps unless the errors appeared early in the route (for
all directions of travel depicted on the map) or late in the route (for horizontally
depicted directions of travel). Men’s performancdietied in that they were
much more accurate in identifying correct maps.

At this point, it is dificult to suggest the cognitive basis for the sex-related
difference found in this study. Clearly, the idea of alignment, interpreted as
correspondence between straight-ahead movement through the environment and
bottom-to-top directional travel on a map, cannot account for the findings. This
alignment did not facilitate performance. One factor that does stand out is that
the middle portion of the route posed a major challenge for accuracy. If partici-
pants were reduced to chance-level performance with respect to the middle
portion of the route, then their reliability in judging the accuracy of correct maps
and the inaccuracy of incorrect maps with errors in the middle of the route
would be low. This pattern fits the data from women participants, but the results
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concerning correct rejections also show that men were unreliable in identifying
incorrect maps with errors in the middle portion. Thus, a definitive explanation
is elusive.

From route descriptionsto maps

Recent studies have indicated that verbal descriptions can provide a flexible
spatial representation that can be translated readily into a cartographic product
(Taylor & Tversky 1992). In other words, accurate maps of environments can be
sketched by individuals who hear a verbal description of the layout involved.
This study was designed to examine sex-relat@@inces in the ability to draw

a route on a map of a neighborhood using information obtained from a descrip-
tion of that route. Based on previous research suggesting more frequent left-right
confusion in women than in men, it was expected that men’s routes sketched on
maps would be more accurate than would women’s routes.

Method

A verbal description of a 1.7 km. route was prepared to conform with suggested
conventions for fective route directions, including the veridical temporal-spatial
sequencing of features encountered along the route, the inclusion of more
descriptive information at choice points than a other places along the route, and
the inclusion of more descriptive information at the conclusion of the route than
at other places (Allen 1997). The description included 63 communicative
statement organized into 21 units. Each unit either described a place or described
movement from one place to the next. The description far exceeded the amount
of information that an individual would normally be expected to retain temporari-

ly in memory. After hearing the description, participants were provided a map of
the neighborhood through which the route proceeded and were instructed to mark
with a pencil the course of movement described in the route directions. A point
of origin was designated on the map. The accuracy of route maps was deter-
mined by dividing them into 21 units that corresponded to the 21 units in the
route directions. The accuracy of each unit was scored by two judges, and
composite accuracy was then computed for the initial one-third, middle one-third,
and final one-third of the route. Data were collected from 25 men and 25 women
who were undergraduates in psychology courses. All participants reported being
unfamiliar with the route involved in the study.
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Results

The accuracy scores revealed that men were more accurate than women in their
sketching the initial one-third (80% versus 66%) and middle one-third (55%
versus 42%) of the route on the map. There was fiemince between men and
women on the final one-third of the route (44% versus 52%).

D Men - Women
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40 —
30 —
20 —
10 —

Percent Correct

Initial One-Third Middle One-Third Final One-Third

Figure 4. Accuracy of men's and women’s routes sketched on a map after hearing route
directions

Discussion

The data indicated that men were generally more accurate than women in
sketching the course of a route on a map while relying on information obtained
from a verbal description of that route. The performance of both men and
women showed clear evidence of a primaéiget, which is common in memory
tasks in which a list must be recalled in serial order. Interestingly, the pattern of
performance by women showed some indication of a recefiegcte as well.
Because the order or sketching was constrained — it always began at the
designated point of origin — it is not the case that the final portion of map was
drawn first in such cases. Instead, a recengce would suggest a somewhat
different strategy based on a linear-order representation built from the end-
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anchors inward rather than from start to finish. More research is needed to
develop this hypothesis and test it adequately.

Maps and minds

Taken together, the empirical studies addressing the four topics provided
substantial evidence that, in the population sampled, certain aspects of women’s
map reading and interpretation skills were less reliable than those of men. The
differences were significant but not overwhelming, wide-spread but not all-
encompassing. The evidence hints at the cognitive bases for obseffezdrdies

in performance, but additional research is required before more definitive
statements are possible. No findings suggested deficits that would be impervious
to remediation based on widely recognized principles of skill acquisition.

With regard to the cognitive bases for the performandéedinces ob-
served, the evidence points to two aspects of spatial working memory. First,
women appear to be at greater risk than men of losing temporarily stored
information about spatial relations among objects, particularly if a cognitive
operation such as scale or perspective translation is performed on the stored
information or while the information is being stored. This risk could be attributed
to a simplistic notion of reduced working memory capacity, but it could also be
tied to the diferential dficiency of various formats for storing spatial relations
(specifically, proposition lists versus images). Future studies designedfdo- di
entiated between mordfreient images and lesdfeient proposition lists would
be crucial for exploring this possibility.

The second aspect of working memory that is implicated involves the
inspection of spatial relations. While attempting to match object configurations
in the absence of a defining frame of reference, women may respond on the
basis of limited sampling of spatial relations because of the problem with
temporary storage mentioned above. Such a stat@fafsawould yield reliable
success in the event of environment-to-map matches but less reliable rejection of
environment-to-map mismatches.

This problem with limited sampling need not necessarily extend to corre-
spondence between routes and maps, however. When attempting to match route
patterns, the sequential format of the information may make it much easier to
detect route-to-map mismatches than is the case with object configurations.
Specifically, limited sampling of the beginning or end portions of the route
would yield quick detection of errors. As is frequently the case with sequentially
organized information, the middle portion provides the greatest challenge to
memory, especially with limited learning opportunities. Studies focusing specifi-
cally on the éect of limited sampling of spatial relations in array-to-map or
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route-to-map matching tasks are needed to explore the hypothesis emerging from
these studies.

These findings are not without practical implications. The use of maps as
wayfinding and orientation aids may beffdrentially problematic for women
under certain circumstances. There is a need to compare the results from
experiments such as these with findings from research comparingftutiee-
ness for men and women of map-based automated wayfinding aids, such as those
available in some automobiles. Available evidence would lead to the prediction
that such aids would be iffective for many women, especially under the
conditions of divided attention (i.e., navigation while driving) that is typical of
their use.

Results from the experimental studies described in this presentation do not
address the larger issue of how sex-relatefiedtnces in cognition emerged.
However, they may provide a measure of progress toward a necessary milestone
on the way to that goal, the milestone of a better understanding of fifeeedic-
es that require explanation. Men appear to be somewhat Esstea than
women by visuo-spatial working memory demands in the context of tasks
requiring that a correspondence be established between a spatial array and a
symbolic representation of that array.

What questions should be asked about the origins of thiferdnce?
Speculative accounts frequently suggest a link between sex-reldfededtes
in spatial abilities and dfierences in travel behavior during human evolution.
However, perhaps even more extensive speculation is needed to account for
differences involving maps and minds. Because they are artifacts, maps must
reflect certain aspects of the modes of thought underlying their creation. Is it
possible that map reading as an activity taps the vestiges of male-characteristic
cognitive tendencies expressed in the historic conventions associated with map
design and use? Answering this question requires interdisciplinary inquiry far
beyond experimental studies of map reading and interpretation, but this is the
type of question that can attract scholarly attention from a variety of disciplines
to the study of spatial cognition.
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1. Introduction

The ultimate goal of this research is to contribute to the understanding of spatial
cognition and its consequences on locomotion (that is, on the organization of the
whole organism’s movements in space). An organism’s locomotion depends on
what structure it superimposes on space itself and can therefore be understood as
a form of interaction with a subjective environment, understandable in turn in
terms of the organism’s cognitive architecture.

As a first step, we will propose here a large-scale classification of the
cognitive architectures possible, outlining the subjective structure that each of
them superimposes on space and the relevant consequences on locomotion. Our
classification difers from others that have been proposed for spatial cognition
(e.g., Papi 1990) in that it does not build on the idesspétial behaviorsWe
will argue, first, that cognition is better understood as interaction rather than
behavior; and, second, that an organism’s interactions can only be understood as
generated and controlled by its cognitive architecture. This corresponds, in a
sense, to the adoption of the organism’s (rather than the observer’s) subjective
point of view.
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The main division we will draw is between those architectures whose
internal dynamics are entirely coupled to the dynamics in the world, and those
that have at least some capability of decoupling. The latter correspond to
representational architectures. Each class will be further decomposed according
to a criterion of complexity. Our view of representation will not build upon a
computationalist account of cognition.

2. Adaptivity and interaction

Adaptivity is a living organism’s capability of creating and maintaining a
dynamic compatibility with its environment. The notion of adaptivity is circular,

in that it involves neither the organism alone nor the world alone, but the
interaction between the two. Each (type of) organism thus entertains specific
(types of) interactions with a specific environmental niche.

The world has dynamics of its own which a living organism has to cope
with if it is to survive and reproduce. From this point of view, adaptivity is an
organism’s capability of maintaining its own structure in the face of perturbing
environmental dynamics. On the other hand, what is to be considered as environ-
mental dynamics depends on what specific organism is considered. From this
point of view, adaptivity is an organism’s capability of “creating”, or “viewing”,

a subjectively relevant set of environmental dynamics to cope with.

Adaptivity builds upon compatibility rather than correctness or optimality.

In the case of a representational organism, for example, the point is not whether
its representations faithfully mirror the objective reality of the outside world; nor
has it any means to find out whether they do. What matters is instead whether its
representations ampatiblewith reality, that is, if their dynamics result in the
maintenance of the organism’s capability of coping with the world. Chimpanzees
are incapable of representing abstract causal links between objects or events and
therefore of formulating theories of the world (Premack, Premack & Sperber
1995); nonetheless, their mind is adapted to the subjective environment they live
in. Humans are capable of theorizing (Geminiani, Carassa & Bara 1996), but not
of representing the sonar profile of a moth like bats do, and so on. And, as we
will argue, many species do not entertain representations at all and have simpler
ways to maintain their compatibility with their environment.

Thus, while, in a sense, all species share the same “objective” world, each
of them may also be said to live in a subjective one of its own, which, of course,
may more or less resemble that of phylogenetically related species. Compatibility
may then be viewed as a species’ capability of capturing those variants and
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invariants in the world that are relevant for that species’ interactions with it; and
adaptivity may be viewed as the species’ capability of maintaining compatibility.

Many different forms of adaptivity may be conceived of. Therefore, on the
one hand, when describing nonhuman species, we should avoid the anthropocen-
tric fallacy of conceiving of them as simply representing a greater or smaller
subset of what our species is able to represent. On the other hand, just because,
say, insects are unlikely to entertain representations doesn’t mean that representa-
tions do not exist in more sophisticated species.

It is a consequence of this picture that it may be misleading to study
adaptivity in terms obehaviors if the term is taken to refer to factual descrip-
tions of what organisms objectively do in an objectively defined world. Behavior
is in the (representational) observer’s eye only, not in the organism observed:
what organisms do is not to behave, but to interact with their subjectively
defined environment. It is more appropriate to study interaction in terms of the
structure that generates and controls it. We call this structure the species’
cognitive architecture

3. Cognitive architectures and neurobiology

The cognitive architecture of an organism is the functional architecture of its
nervous system, that is, a high-level description of the properties and of the
aspects of the functioning of its nervous system that are relevant for and causally
generate its interactions with the world. In the case of a representational species,
by definition, these coincide with its mirid.

There are two reasons why we focus on cognitive architecture rather than on
neurobiology alone. The first is that the study of the nervous centers that deal
with, say, landmarks in a certain species needs a parallel study of what a
landmark is to that species, which is in turn part of the study of that species’
cognitive architecture. The second is that, in an evolutionary perspective, what is
selected for or against is not a nervous system as such (except, of course, for
what concerns susceptibility to pathological events like diseases or traumata), but
the adaptivity of the interaction that it is able to generate; and this regards again
the cognitive, rather than the strictly neurological, architecture of a species.

In the next sections we will sketch some types of cognitive architectures,
that is, some dierent types of solutions to the problem, faced by every active
species, of how to adaptively generate and control the interaction with the
environment. For the moment, let us consider one property of cognitive architec-
tures, namely, their innateness.
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An organism should not be viewed as just cast into the world, a stranger in
a strange land: it has instead to be born prepared for the interaction with the
niche it will find itself in. In lower organisms, whose life mnespan is too brief
and nervous system too simple to allow for individudtelientiation or learning,
this may mean that each architectural component has to be completely developed
from start. In general terms, however, it means rather that the possible modifica-
tions that an architecture may physiologically undergo are implicitly defined in
the architecture itself (Barkow, Cosmides & Tooby 1992; Cosmides & Tooby
1994; Lorenz 1965). Some architectures may be more rigid and some more
flexible, so to let each individual follow its own developmental trajectory,
according to the particular interactions it has with the environment; but, in any
case, the space of possible developmental trajectories is intrinsic to the initial state
of the architecture and is therefore a species-level property, and an adaptive one.

The innate endowment of a species thus determines not the specific interac-
tions that each of its members will entertain with the world, but the whole space
of that species’ possible interactions with its subjective environment; the
complexity of such space varies in accordance with the complexity of the
species’ architecturd.earningis not a natural kind, but the innate capability of
a cognitive architecture of undergoing specific types of modifications, possibly
triggered in part by specific types of interactions with the subjectively defined
environment.

To say that cognitive architectures are innate also means that they, like most
biological traits, are the product of evolution. Although adaptivity may be viewed
as the property of a whole species as well as of each of its members, natural
selection ultimately operates upon the slight individual variations existing
between the latter. The phylogeny of cognitive architectures is therefore a side
effect of the dfferences in the innate endowments of the individuals that make
up a species (due to statisticatfdrences in the species’ genetic pool as well as
to mutation, recombination, etc.), plus theffdiences in their respective
reproductive success.

To resume: the living organisms we are interested in are those that engage
in active interactions with their subjectively construed environment by way of
self-organization (Maturana & Varela 1980; Varela, Thompson & Rosch 1991).
The structure which governs an organism’s interaction with the environment, thus
maintaining that organism’s adaptivity, is its innate cognitive architecture. The
cognitive architecture of a species defines the subjective structure that its
members will superimpose on the world. Our position so far may therefore be
described as a Kantian version of constructivism.

In the next sections, we will sketch some types of cognitive architectures,



A FRAMEWORK FOR THE STUDY OF SPATIAL COGNITION 23

that is, some ways in which an organism’s internal dynamics may co-evolve with
the subjectively relevant dynamics in the environment so to generate an adaptive
interaction. Each type will superimpose a specific type of subjective structure on
space, which will have relevant consequences on locomotion. The main division
we will draw is between those architectures whose internal dynamics are entirely
coupled to the dynamics in the world, and those that have at least some capabili-
ty of decoupling their internal dynamics from the external ones. The latter
correspond to representational architectures. From a neurobiological point of
view, we expect this division to mirror the division between species whose
nervous system has no proencephalifedentiation and those whose nervous
system has at least some. These two main classes will be further decomposed
into subclasses according to a criterion of complexity.

4. Coupled architectures

The internal dynamics of these cognitive architectures are entirely coupled to the
external ones. These organisms have no internal model of their environment and
are therefore only capable of external cognition: to them, the world is the only
possible model of itself.

Since concepts are the active constructions of a representational mind which
superimposes its own a priori categories on the world, coupled architectures have
no concepts of any sort. This implies that their subjective environment does not
build upon the existence aibjects To say that coupled architectures have no
object-based construction of space refers to something far more primitive than
object permanence. As we will argue later, the latter term refers to an organism’s
capability of realizing that objects exist even when they are out of immediate
perception, and therefore of recognizing them as being the sametaredit
presentations. The level logically antecedent to object permanence is object
impermanence: the fierence, however, relates to the type of representation
entertained by an organism, rather than to whether that organism entertains
representations of any sort. Coupled architectures, instead, have no representa-
tions at all, so that the point here is not whether objects are or are not perma-
nent, but simply whether they exist.

Reflex-based architectures

The simplest types of coupled architectures are only composed of reflexes. The
internal dynamics of a reflex-based architecture depend exclusively on the
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external ones. Its interactions may be viewed as a set of fixed stimulus/response
patterns, and are therefore completely driven by the environment: there are no
internal states relevant to the interaction, except for local modulation of reflexes
via activation, habituation, or crossed inhibition.

Since the coexistence of more than a (comparatively) small number of
stimulus/response patterns would create inextricable problems of coordination and
integration, the overall architecture of a reflex-based organism will necessarily be
simple. The subjectively relevant environmental dynamics, and therefore the
organism’s interactions, will be correspondingly simple.

The subjective space of a reflex-based organism will also be corresponding-
ly limited, consisting of the small set of stimuli that it is sensitive to. These may
include taxis and other simple forms of trail following, and the avoidance of
aversive stimuli. In practice, therefore, space has no prefrecture in the
literal sense of the term, to these organisms.

Affordance-based architectures

The organisms that belong to this second class of coupled architectures have
internal states that play a role in their interactions with the environment; we
borrow the termaffordancefrom Gibson (1977) to refer to them.

Although the internal dynamics of affardance-based architecture are still
entirely coupled to the environmental ones, the picture becomes far more
complex than was with reflex-based organisms. The coupling here is flexible, in
that the internal states contribute in determining what environmental dynamics
are currently the most relevant, among the several available at each moment.
Thus, an individual who is looking for prey and one who is looking for mate will
react to diferent #fordances; and both will have to be able to adjust their
internal dynamics if required by the external ones (e.g., if a predator is detected).
These architectures may thus be described as dynamically ascribing a compara-
tive weight to each ffiordance available, according to the current internal state,
and then reacting to the balance of weights that has thus been created. Of course, the
criterion with which these weights are allocated is part of the architecture itself.

The subjective space of these organisms is composed of alffitrelances
that are available at each moment. It has therefore a proper structure, although a
non-objectual one, because the varioti®raances are spatially oriented with
respect to the organism’s egocentric positioning and because they vary in
attractiveness or aversiveness.

The interactions of these types of organisms with their subjective environ-
ment may therefore be conceived of as a complex and continuously changing
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balance between thdfardances available. The complexity of this balance may
vary greatly from species to species. Some species can stabilize specific types of
affordance, so to let them govern the interaction over a certain interval of time;
this interval may be longer or shorter, thus making the stabilization more or less
permanent. The honeybee, for example, is capable of permanently fixing the
flight trajectory that leads from the hive to an interesting source of food; the
desert ant impermanently keeps track of the direction that will lead it back to the
nest at the end of the current cycle of exploration; and the housefly is incapable
of stabilizing its &ordances at all.

What is interesting, in describing the interactions of all thed®erint
species in terms of a dynamic balance betweordances, is that there is no
need to ascribe special representational or quasi-representational capabilities to
honeybees or to desert ants with respect to housefliesffitesi for an explana-
tion of the diferences between these species that the former be capable of
assigning a permanent or impermanent relative weight to certain environmental
affordances. Since the nervous systems of all these insects are roughly similar,
any other solution would be implausible from a neurobiological point of view.

5. Decoupled architectures

The architectures that belong to this second main class are those whose internal
dynamics are decoupled from the external ones; that is, those that entertain
representations. These should correspond roughly to the species whose nervous
system includes proencephalic structures.

The concept of representation lies at the very heart of cognitive science, but
it comes in diferent acceptances; it is therefore necessary to explain briefly
what we mean by it.

We reject the computationalist framework, according to which mental
representations are pieces of information internally stored in some predefined
formal code (Newell & Simon 1976). This position is nowadays philosophically
and psychologically unacceptable (Bruner 1990; Edelman 1992; Harnad 1990;
Nagel 1986; Putnam 1988; Searle 1980, 1992), if only because of its rather
controvertible consequence that whatever physical object undergoes internal
changes due to world events could then be considered representational —
including autonomous robots a la Brooks (Vera & Simon 1993) as well as
thermostats and computers. On the other hand, the perceived failure of symbolic
accounts of cognition has lately led many researchers to completely reject the
very idea of representation (e.g., Brooks 1991) while, at the same time, keeping
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a view of cognition based on computational functionalism. We view these
positions as the two horns of one dilemma (Tirassa, 1999a), and want to avoid
both.

To entertain a representation is instead to be in a certain semantic, or
intentional (Searle 1983), relationship with the world (including one’s own body
and, for a few species, even one’s own representations). This is the (largely
unexplained systems) material property of certain types of physical objects,
namely, certain highly sophisticated types of nervous system. Like all the
material properties of a physical object, representations will have a causal role in
some of the interactions that that object has with the world: they are thus at the
same time (part of the) causes arftkets of the organism’s interactions with the
world (Tirassa, 1999b). It is therefore more correct to talk of mind/body rather
than of mind (or body) alone. (For further discussion of the problem of represen-
tations in cognitive ethology, see Allen & Bekoff 1997; n 1978; Prato
Previde, Colombetti, Poli & Cenami Spada 1992).

Representational architectures are, by definition, decoupled from the external
world. Decoupledhere does neither mean that representational organisms have
internal dynamics that are abstract entities independent on the world, as is typical
of classical artificial intelligence, nor that they live in a world of Platonic
symbols or that environmental contingencies and opportunities are not crucial to
them, a position that would simply be solipsistic. The point is instead that
representational architectures have internal models of their subjective environ-
ment. These models are based on concepts, that is, on subjective ontologies
resulting from largely innate categories superimposed on the world.

As regards the structure of space, the subjective environments of representa-
tional architectures will build upon the existenceadifjects In this section we
will discuss the three possible main subclasses of these architectures.

Deictic architectures

Deictic architectures are the simplest representational architectures. A deictic
architecture (the term is borrowed from Agre & Chapman 1990) only represents
what it can currently perceive. Objects are thus impermanent to it: they only
exist insofar as they can be perceived. This means that it can have no token/type
distinction: each object represented is at the same time a prototype of the whole
class which it belongs to and a specific instance thereof. An object to these
architectures is therefore represented as the whole set of interactions that it is
(subjectively) possible to entertain with it.
This may resemble the case dfadance-based architectures. Th&edi
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ence is that an ffordance (in our acceptation of the term) is not an object
proper, but simply the potential for a certain action. The action thatffom-a
dance calls for will possibly be executed according to its relative weight as
compared with the otherffardances available. To entertain a deictic representa-
tion means instead to view an object as the experience of the possible interac-
tions that concern that particular world entity. Thus, it is not that the concept of
affordance applies to nonrepresentational architectures and not to representational
ones; it is only that it means something veryfeiient in the two cases (which

is why we have restricted our use of the term to the former case).

The idea of a deictic representation may also seem to apply to any represen-
tational architecture, at least under a certain acceptance of the concept (e.g.,
Glenberg 1997; Millikan 1998). From this point of view, the mairffelience
between a deictic architecture and a more sophisticated one is that the former has
no object permanence, that is, that it is incapable of singling an object out and
possibly labeling it as an individual entity, and thereby of realizing that it exists
even when it is out of immediate perception. This makes a gréfreince in
the subjective structure of the environment.

As regards the subjective structure of space, a deictic organism will only
interact with the space it can currently perceive; buffedently from what
happens in a coupled architecture, it will represent that space as a region wherein
proper objects exist (which is also why we have started to use thepercep-
tion only here). It will therefore be able to plan a trajectory in this region,
deciding in advance what path to follow (according to criteria such as distance
or dangerousness), what obstacles to avoid and how, and so on. This capability,
although confined to the space that is currently perceived, allows nonetheless
highly sophisticated interactions, at least as compared to those that are possible
to lower-level architectures.

In principle, two particularly simple forms of learning are possible in a
deictic architecture, one consisting in the acquisition of a novel way to cope with
a deictic object, and the other in the addition of a new deictic object to the
architecture’s subjective ontology, possibly as a specialization of a previously
existing one. Thus, if an animal is capable of creating a new deictic object (say,
my matein a monogamous species), it may be able to interact with it in ways
that would be specific to that particular individual, while at the same time never
being able to realize that it is an individual object (because there is no such thing
as an individual object in the animal’s subjective ontology).

The capability of forming a deictic object which happens to be “objectively”
composed of only one instance also allows for the creation of a nest. Although,
in order to go back to it, the organism has either to perceive it or to resort to
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simple modalities of orientation like trail following, it is however a (deictic)
object or place, and therefore something verffedent from the nest of an
affordance-based organism.

Base-level representational architectures

The logically successive step is an architecture capable of object permanence.
This corresponds to the possess of concepts in the proper sense of the term, that
is, as types of entities to whichftirent tokens, or individuals, may belong.

This makes true learning possible, whereby a novel individual may be added
to an existing class or a new class may be created, possibly as a specialization
of one that already exists. The new clasdfadtently from what happens in
deictic architectures, would be a true class in its own respect, that is, it would
comprise a proper token/type distinction, a set of individual entities that belong
to it to a possibly variable degree, and so on. In any type of architecture, of
course, learning can only take place within the space of possibilities generated by
the innate endowment of the architecture.

As regards the subjective structure of space, base-level representational
organisms are the first to possess a map of the territory they inhabit. A region to
them may be divided into subregions, or zones; each region or zone comprises
individual paths and individual objects that may be used as landmarks. A
landmark (or, in general, an object) to these organisms needs not be a physical
piece of matter in the material sense of the term; it may also be a landscape, a
skyline, a socially shared mark like an odor, and so on.

To a base-level representational architecture, the nest is therefore an
individual place, reachable via a network of individual paths that are character-
ized in their turn by landmarks. Other individual places may include sources of
food or water, dangerous zones, and so on.

Metarepresentational architectures

The final step is metacognition, that is, an organism’s capability of representing
its own representations. As far as we know, the human species is likely to be the
only one on this planet to have such capabilities, that could be shared, in the best
case, by a few other primates (see Premack, Premack & Sperber 1995).
Metacognition dramatically changes a species’ interactions with its subjec-
tive environment. It makes it possible to attach abstract labels (that is, symbols)
to existing entities, to imagine non-existing entities and to treat them as if they
were real, to use symbols for referential purposes or as place-markers, and so
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on2 This makes it possible in turn to formulate theories about the world, to
reason formally, to reuse in a certain type of interaction the features of the world
that were relevant to a fierent type of interaction, and to communicate in a
mentalist way with conspecifics.

As regards the subjective structure of space, a metarepresentational species
is capable of creating abstract regions or zones with abstract borders and
landmarks and, most important, of entertaining survey maps. We do not conceive
of survey maps as allocentric: since a representation is, by definition, someone’s
subjective point of view, they can only be egocentric. Survey maps result instead
from the pretense to be dislocated in dfelient position (say, one kilometer
above the city) and watching the world from that perspective. This allows to
draw spatial inferences and therefore to plan in advance a path in a known as
well as in a partially unknown region. It must be remembered, however, that
these plans are always, by necessity, partial: they are not recipes for action to be
followed blindly, but guides for action to be further specified in the interaction
with the real world (Tirassa 1997).

Metacognitive organisms have two further capabilities. First, given the
appropriate cognitive tools, they can externalize their representations by means
of drawings or language. Second, given the ability to understand the representa-
tions entertained by a conspecific and feat them in a desired way, they may
communicate spatial information to one another with the aid of these externalized
tools.

6. Futuredevelopments

The classification we have proposed here has a very high level of abstraction and
currently relies fundamentally on analytical considerations. The next step of our
research will be to derive, for each class of architectures described, a description
of the types of interaction that it may generate with regard to the control of
space and locomotion. Subsequently, we will check the empirical validity of our
analysis by looking for confirming or disconfirming evidence from neurobiology,
ethology and autonomous robotics. This is also likely to lead to a refinement of
the classification.

The ultimate goal of this research is to build a taxonomy of active organ-
isms based on three columns, namelygnitive architectureneurobiology and
embodimentandinteraction that be analytically and empirically consistent on
each level.
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Notes

1. Inthis perspective, the teroognitionand its derivatives should have been kept for the species
that possess a mind, that is, those that entertain representations. On the other hand, the term is
widely used in the relevant literature (e.g., Maturana & Varela 1980) and most alternatives are
not less ambiguous from a philosophical point of vievorftrol architecture for instance, is
typically used in autonomous robotics and would have therefore been inappropriate to the
discussion of biological entities, let alone representational ones).

2. Letus remark thab be capable of using symbatsnot the same thing dseing a symbol system
as postulated in classical cognitivism (see also the discussion at the beginning of this section).
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1. Introduction

Empirical and theoretical research on human spatial cognition supports the
hypothesis that spatial knowledge of large-scale environments is elaborated in
specialized mental structures called cognitive maps (Golledge 1987, 1990). There
is evidence that when interacting with a novel environment, individuals go
through several phases in the construction of their spatial knowledge (Golledge
1978; Evans 1985) involving a shift from an initial egocentric frame of reference
(where the environment is represented in terms of a sequence of landmarks) to
a bird’'s eye perspective in which distant places are linked together to form a
coherent whole. Studies on the acquisition of spatial knowledge have shown that
active exploration is critical to the generation of the more complex bird’s eye
stage of spatial knowledge.

When discussing the elaboration of spatial representations, most authors
have made a distinction between “landmark”, “route” and “survey” representa-
tions, but complete agreement as to nature of the concepts to which these three
terms refer is lacking (Lynch 1960; Shemyakin 1962; Hart & Moore 1973,;
Siegel & White 1975). In 1995, Chown, Kaplan and Kortenkamp proposed a
theory of cognitive mapping that describes how maps of increasing complexity
are built up using the previous map as a basis for constructing the successive.
This theory, which emphasizes adaptiveness and aims to relate spatial cognition
to the way humans perceive the environment and interact with it, encompasses
a wider spectrum of issues in spatial cognition than most other theories, particu-
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larly in relation to way-finding. Furthermore it is consistent with developmental
constraints, and results from several other disciplines are taken into account.

According to this theory, the first phase of mapping consists of learning a
basic topological structure built out from landmarks through experience. This
kind of route map or topological network of landmarks is used to find one’s way
from the starting point to a given target point. This representation contains local
information only in that a landmark is connected only with the landmarks that
can be seen from it. As experience grows, a second kindoofe mapis
acquired, a local directional map, that provides information about where to find
the next location when standing at given place.

This map is useful when a person has to select a new direction in response
to environmental triggers, such as choice points. Its function is to give qualitative
information about the change of orientation necessary to find a nearby target
landmark. Both these kinds ebute mapsare rich in information about places
close to the current location but do not connect landmarks separated by great
distances. As experience grows furthesuavey maps created; this is a compact
representation of the large-scale environment, that allows to take multiple
perspectives (the one from above included). Unlikeite maps,which rely
heavily on the situated interaction with the environment and require to find part
of information in the world,survey mapsare global overviews that allow a
completely internal form of planning and reasoning, so that abstract (never
experienced) paths such sisortcutscan be planned.

We carried out the present study in the context of the above-outlined
theoretical framework. Our first aim was to test experimentally the hypothesis
that there are two distinctive levels of spatial representationstatize mapsand
survey mapgwe were not interested in distinguishing between the two types of
route mapy and that these representations, and the elaboration of the first kind
into the second, depend on a person’s direct experience of an area. To this
purpose, we investigated two groups of subjects with veffeint levels of
familiarity with a given area. The second aim, arising out of the first, was to
create a method for investigating spatial cognition, which we expect will be
useful in our continuing research in this area.

As is the case with all mental representations, it is problematic to find a
suitable method for investigating spatial representations. Commonly used
methods involve the use of sketch maps, drawings, verbal reports and model
building, each of which has its drawbacks and limitations (Torell 1990).

The main assumptions in setting up our method were as follows:

a. lItis possible to identify diierent types oflescriptionsof complex routes,
by analyzing the verbal characteristics of the descriptions themselves
(Taylor & Tversky 1996).

b. There are dierent types of mentatepresentationsof complex routes,
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depending on varying levels of familiarity the individual has with the
environment in which the routes are located (Golledge 1978; Evans 1985;
Chown, Kaplan & Kortenkamp 1995).

In seeking to develop a way of inferring mental representations from verbal
descriptions, we took account of the fact that the nature of a description will
depend on other factors in addition to the type of spatial representation possessed
by a person. One such factor would be the aim of the description: an example
germane to the present context would be whether or not the aim odiegeriber

was to enable the other to find his way to a certain point. If we consider the
possible relations between representation and description (with a view to
inferring the former form the latter), the most important property of a survey-
type representation is that it may be described as a route if the type of task
renders this necessary (i.e., if the aim is to tell the other how to reach a specific
point). This implies that in order to reveal a survey-type representation, we have
to give a task to thelescriberwhich induces him to produce a description of his
survey map. Such would be the case when the aim of the description is induce
in the other optimized exploratory behavior, in which case it would be important
to provide an overview of the environment to theplorerso that the latter may

plan alternative routes arghortcuts

A second factor influencing the description would bedkescribeis opinion
as to how familiar the other was with the environment being described. In the
paper by Taylor & Tversky (1995), this variable was controlled for by instructing
the subject to describe the environment as if the other knew nothing whatever
about it.

Other problems arise from the procedures used to analyze the content of
descriptions. In this study we codified descriptions following the criteria of
Taylor & Tversky (1996); that is we sought to identify systematidedences in
the use of language which indicate whether a description was from a route or a
survey perspective. It is important to realize, however, that a subject’s represen-
tation is unlikely to be expressed, in his description, as either a pure route or a
pure survey. As shown by Taylor & Tversky (1996), many descriptions are
mixed and sometimes mixed descriptions are more numerous than pure ones.

Furthermore, the verbal characteristics used to classify descriptions are not
always unambiguously interpretable in terms of either route or survey, since their
meaning may change according to the context. For these reasons, in addition to
analysis of semantic indicators of route or survey type, we also analyzed the
exploration behavior that these descriptions induced in other.

The experimental setup we devised was that one subject communicated with
another with the aim of directing him to a target point. The task was therefore a
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cooperative one, and the investigator observed how the participants communicat-
ed maps to each other in order to reach their common goal. THerglifrom
the normal setup of experiments in which participants present verbal reports to
an investigator. Another feature was that half the participants had no prior
acquaintance with the environment in which the experiment takes place, and
everyone was informed of this fact. In our hypothesis, this condition forces one
participant, thedescriber to tune his description to the knowledge of the
environment he attributes to the partner, éxlorer

The general aim of this research is to show how it is possible, by following
the experimental method hereby presented, to infer the type of spatial representa-
tion of thedescriberby analyzing his/her verbal descriptions of complex routes
and relating them to the explorative behaviors those descriptions induce in the
explorer.

2. Methods
Subjects

We recruited 40 children in their last year of primary school. At this age (age
range 9.3-10.2 years) spatial ability is comparable to that of adults (Cornell,
Heth, Alberts 1994; Heth, Cornell, Alberts 1997). Furthermore, although both
types of map are possessed at this age we believe that cultural influences, above
all educational influences, in the use of survey descriptions are not yet overriding.

Twenty participants (11 girls, 9 boys) attended the school that was the
setting for the way-finding experiment, and were therefore familiar with the
environment. The other twenty participants (11 girls, 9 boys) came from a
different school and had no prior knowledge of that environment.

Procedure

The experiment was carried out in a primary school which was of two stories
and had a cross-shaped ground plan. Two itineraries were designated, each
ranged over the two floors and each required exploration of four target locations
(labeled with colored cards) along the trail before arriving at destination loca-
tions, where a goal object was placed.

The subjects were divided into pairs (see later) and each member of the pair
was assigned a specific role. One subject (tlescribej accompanied the
investigator on first one and then the other trail. The investigator then gave the
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describerthe following instructions: “The game starts now. You have to explain
to your teammate the route he has to take in order to collect all the cards and the
two final objects | have shown you. The winning team will be the one that
collects most cards and most final objects in the shortest time. If you think you
know a better way to reach all these items, than the route you followed with me,
then you can describe that to your teammate”.

The investigator then took théescriberto a room and introduced him to
his explorerteammate.

The describeis task was now to explain to thexplorer how to reach the
intermediate andinal targets Previously theexplorerhad been motivated by the
investigator and the competitive nature of the game made clear. The entire
conversation betweemescriber and explorer was recorded for subsequent
analysis. After receiving what he/she considered enough information to find the
objects, theexplorer went df to find them followed by the investigator who
noted the trail followed on a plan of the building.

Thus the task of thelescriberwas to give information to thexplorer
teammate that would enable to latter reach the greatest number of target locations
in the shortest possible time, without any restriction as to the route taken. In fact
the shortest route was not that followed initially with the investigator. This task
is such, therefore, that if thgeescriberhas a survey-type representation, he would
tend to give a description having a survey-type perspective in order to allow
his/her teammate to findhortcutswhich are a characteristic of a survey as
opposed to a landmark representation. Since the description is given to a real
explorerwhose subsequent behavior is observed, we can overcome the limita-
tions of an analysis that only considers descriptions in terms of indicators: the
explorer therefore functions as an external judge of the description furnished,
since his/her behavior will reflect the type of information received.

The subjects were pairedffoin order to form four relations between
describerand explorerwith respect to familiarity with the environment:

A. Both describerand explorerknow the environment.

B. Thedescriberis familiar with the environment, thexplorernot.
C. Thedescriberis not familiar with the environment, thexploreris.
D. Neitherdescribernor explorerare familiar with the environment.

These four pairs of subjects allow us to investigate the two methodological
hypotheses which are:

a. The description given depends on how familiar tiescriberis with the
environment.
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b. The exploreris an unknowing judge of the descriptions, which can be
analysed through his/her exploration behavior.

Data analysis

Because there were only five pairs of subjects for each experimental situation,
we carried out non-statistical analysis of the d&tascribes’ verbal reports were
analyzed in terms of indicators route and survey, which according to Taylor &
Tversky (1996) characterizeute and survey mapgTable 1).

Table 1. Characteristic of route and survey maps

Dimension Route Map Survey map
criterion example of criterion example of

indicator indicator

Point of view of many active verbs only one stative verbs

describer (e.g. “go..”, (e.g. “itis..”,
“start..”, “turn “there is..”)
round..”)

Indicator of route (sequen- spatial or tem- map configurational

spatial organi-
sation

Co-ordinates

tial)

right/left,
front/back

poral adverbs
(e.g. “after..”,
“before..”)

egocentric
coordinates
(e.g. “on your
right/left..”)
signs (e.g. “on
this that
side..”)

(hierarchical
organization)

indicator (e.g.
“it's shaped like
this..”, “here
is..”, subject
draws a map)

cardinal pointsallocentric indi-
(or substitutesyators coordi-

nates (e.g. “on
the right/left
of..”)

To analyze the explorative behavior we distinguished between path and
neighborhood behavior components: the former related to the path (defined by
the investigator when showing tliescriberthe route) from the starting point to
the final target; the latter related to exploration of placfstee path. We used
three factors to quantify each of these components of the explorative behavior.
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Thequantityof path and neighborhood exploration. For path exploration we
assessed quantity as the number of repeated passages through a single target
point on the path (backtracks). For neighborhood exploration quantity was
the number of times the subject left the path and returned to it, without
reaching a target locatiordétours.

Thegfficacyof path and neighborhood exploration. We assessed the number
of final and target locations reached, calculatifigcacy as the number of
explored target locations divided by the number of described locations.
The flexibility of path and neighborhood exploration. Flexibility was
assessed in terms of variations from routes indicated by the describer, that
led to better exploration. For path exploration, we defined flexibility as the
number of variations in the path that allowed theplorerto avoid retracing
his/her stepshiacktrackingavoidance). For neighborhood exploration, we
assessed flexibility as the number sifiortcutsfound. We only counted
backtrackingavoidance andhortcutsdiscovered byexploress, not those
indicated bydescribes; thus the diferences between instances ludck-
trackingavoidance anghortcutsexplored and described were calculated for
each pair.

Results

Analysis of describers’ verbal reports
The number of route and survey indicators used in the descriptions is given in
Table 2 for the four experimental situations.

Table 2. Number of route and survey indicators used in the descriptions

Experimental Total No. of survey  Total No. of route Mean of

Situation indicators indicators S/S+R
A 83 120 0.504
B 150 164 0.490
C 57 57 0.488
D 70 154 0.380

The mean indicator (No of survey indicators/No of survey indicators + No

of route indicators) in situation D flers from that in the other three situations.
The mean indicator is greatest in the two situations in whichdéscriberis
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highly familiar with the environment (A and B). Situation B (where only the
explorer is highly familiar with the environment) is characterized by a high
number of both survey and route indicators.

In situations C and Ddescribemot very familiar with the environment) the
number of survey indicators is less than in the other two situations; in situation
C the total number of indicators is low compared to the other situations, while in
situation D the route indicators dominate the scene.

Table 3 shows the results of the analyses of tjuantity, efficacy and
flexibility of path and neighbourhood exploration.

Table 3. Results of the analyses of the quantjfycacy and flexibility of path and neigh-
bourhood exploration. Describers and Explorers

Experimental Quantity Efficacy (explored/ Flexibility
Situation described locations
backtracking detours  final intermediate avoidance of shortcuts
targets targets backtracking
A 9 20 6 (0.67) 26 (1.08) 2 3
B 12 22 5(0.62) 24 (1.04) 3 7
C 11 25 8 (1.33) 20 (1.43) 2 10
D 4 15 9 (1.5) 18 (1.06) 3 3

The results in the Table concerning theantity of path and neighborhood
exploration show that the poorest performance is in situation D (letbcriber
andexplorerhave low familiarity). The number of backtracks in situation B was
high, whereexploress with low familiarity obtained comparable results to those
familiar with the environment (A and C) as a result of their interaction with
describes familiar with the environmentExplorers familiar with the environ-
ment achieved similar performance irrespective of the familiarity of the decribers
familiar with the environment.

With regard toefficacyof exploration, it is surprising thaixploress familiar
with the environment were successful even when they interacteddegttribes
not familiar with the environment. This cannot be due to the information
communicated to them by theitescribes as shown by the high value for the
explored/described ratio. Conversely, the targets were explored with more
gfficacyby the explores with high familiarity and by those who interacted with
highly familiar describes. As regarddlexibility the most interesting finding was
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that explores who interacted with both highly familiar and poorly familiar
describes (situations B and C) used a high number of r&wrtcuts

4. Discussion

Various types of spatial descriptions were produced byd#eeribes to commu-
nicate the same routes. We found that these descriptions were related to the
familiarity of the describes with the environmentDescribes familiar with the
environment give descriptions containing more survey indicators, not only
absolutely but also in proportion to the number of route indicators (survey/route).
This supports the hypothesis that the type of verbal description, analyzed in
terms of survey and route, is related to the type of underlying spatial representa-
tion (spatial map). A second finding was that spatial descriptions also depended
on theexplorews’ familiarity with the environment.

One would expect that survey maps would be able provide all the possibili-
ties dfered by the simpler route maps in terms of spatial behavior (to find a
route between two given points), as well as providing more information enabling
routes to be found by planning on the basis of varying contextual criteria
(shortest, safest, etc.). Conversayte mapsvould be useful for communicating
spatial knowledge: a subject trying to explain how to traverse a route to an
individual with no prior knowledge of a given environment would try to commu-
nicate routes as sequences of easily recoverable landmarks.

Our findings support the hypothesis that in an interaction between individu-
als of diferent familiarity with the environment, a description consisting mainly
of survey components is used. Thus although the survey/route ratio was highest
when both partners were familiar with the environment, even when only one of
the partners was familiar this ratio was high, and greater than when both partners
hardly knew the environment. This seems to support the interpretation that survey
representations are more flexible and informative than route representations.

This conclusion is further supported by our finding that that it was not
possible to distinguish between the two types of descriptions/representations,
since a high number of route indicators was present in the descriptions in which
the high survey/route ratio was higfthis further suggests that typical route
aspects are contained in survey descriptions/representations. Obviously, route
indicators in these survey descriptions do not have the same meaning as route
indicators in more route-oriented descriptions. Thus, in situations B and situation
D, exploress are not very familiar with the environment and receive a large
number of route indicators in their descriptions; but in situation B, these route
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indicators are set in a rich survey context, while in situation D they are not.

In further support of our conclusion that route indicators hav#edint
meanings in the two cases, we note that exploration behavior related to route
differed greatly forfinal targetscompared tdbacktracking This illustrates the
importance of relating the description to the exploration behavior the description
induces and helps us better understand the meaning of the descriptions. By
analyzing the exploration behavior it is possible to reveal the real survey-type
meaning of the descriptions used in situation B. In this situation, the low
familiarity explorerin fact uses a survey type description and this is shown by
the high number of backtracks used and target-locations found, and also by the
large number ofshortcutsused that were not mentioned by tldkescriber
Analysis of the behavior thus allows us to distinguish between the descriptions
in situations A and C: the larger number of route indicators used in situation C
is understandable if we consider the number of explored target-locations.

In conclusion, we have devised a useful methodology for studying spatial
representations, in which subjects witltifdiing familiarity with an environment
interact, and the descriptions communicated are analyzed and related to the
exploration behavior induced. Although the method is complicated, it overcomes
some of the limits of other experimental methodologies, one of which is that
analysis of descriptions in terms of route and survey only does not allow
unequivocal interpretation of results since a given verbal description contains
both survey and route indicators, and route indicators can assume survey
significance in a survey context. The analysis of drawings, maps and diagrams
produced by alescriberalso presents a number offfifulties: analysis criteria
are still not well defined; graphic abilities and visuo-motor coordination vary
considerably between of individuals especially those in developmental age
confounding the analysis, and cultural factors may also influence expertise in
using street plans, maps and building plans.

The most interesting aspect of the method we propose is that it allows
experiments to be designed in which individuals witffeting familiarities to a
given environment are compared. Since familiarity determines the type of the
spatial representation (as shown by Golledge 1978 and Evans 1985, for example) it
becomes possible to relateffdirent behaviors to underlying spatial representations.
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The Functional Separability of Self-Reference and
Object-to-Object Systemsin Spatial Memory

M. Jeanne Sholl
Boston College

When people learn the layout of large-scale space by walking around within it,
their ability to orient, either in imagination or in actuality, to surrounding
landmarks that are hidden from view is generally accurate and highly flexible
(Presson & Hazelrigg 1984; Thorndyke & Hayes-Roth 1982; Sholl 1987). This
facility likely requires using locally available spatial cues to establish one’s
location and facing direction, and then retrieving the location of nonvisible
landmarks within that frame of reference. Sholl (Easton & Sholl 1995; Sholl &
Nolin 1997) has proposed a coordinate-system model of retrieval to account for
the seeming ease with which people retrieve the direction of unseen landmarks
from a variety of actual and imagined locations and facing directions in a known
environment (e.g., Easton & Sholl 1995; Sholl 1987). The model's scope is
limited to the representation and retrieval of spatial knowledge learned by
navigating an environment on foot. It distinguishes between the storage of metric
object-to-object relations in an allocentrically organized long-term spatial
memory system and the retrieval of object-to-object relations within a body-
centered coordinate system. In its conceptualization, the model draws heavily
from animal models of navigation (Gallistel 1990; O’Keefe 1991), because the
components of a model of spatial retrieval need ultimately to fit within a general
model of human spatial navigation.

It should be acknowledged at the outset that metric models of spatial
representation can not account for all human spatial behavior. A metric model of
large-scale space that conforms to the axioms of Euclidean geometry codes the
straight-line distances and angles inter-connecting the landmarks contained within
the space. A mental representation that preserves the metric properties of
Euclidean space should produce spatial judgments that uphold Euclidean axioms
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(see Montello 1992, for a more in-depth discussion of this point). That is, inter-
landmark distance judgments should be symmetrical (i.e., the distance of
Landmark A from Landmark B should be estimated to be the same as the
distance from Landmark B to Landmark A) and judgments of relative direction
should be consistent with the triangle inequality axiom (i.e., estimates of the
spatial angles at the vertices of a triangle formed by three landmarks [e.g.,
Landmarks 2, 3 & 4 in Figure 1A] should not sum to more than°).8dowever,

it is not uncommon for people to make systematically distorted and non-commu-
tative judgments of inter-landmark distance and angle in violation of Euclidean
axioms (e.g., Moar & Bower 1983; Sadalla, Burroughs & Staplin 1980; Tversky
1981; etc.). In spite of that, animals, including humans, skillfully navigate
complex trajectories through cluttered environments to destinations which cannot
be seen from the starting point, behavior which is consistent with an underlying
representation that preserves the metric properties of space.

Current theories of spatial memory resolve the dilemma of routine non-
metric spatial judgments coupled with highly evolved navigation skills by
proposing a metric level of representation, plus another level of representation to
account for non-metric behavior. For example, Huttenlocher, Hedges & Duncan
(1991) propose a categorical level of representation which when combined with
imprecise metric knowledge produces systematically biased judgments of spatial
location. Similarly, Poucet (1993) suggests that both topological and metric
representational systems are needed to account for contradictory spatial behaviors
observed in animals. The present model focuses on a metric level of representa-
tion and retrieval, while acknowledging that other types of representation are
needed to account for the full range of human spatial behavior.

The coordinate system model of retrieval
Key terms

Before describing the model, a few key terms will be defined.allncentric
representation is an environment-centered representation which stores inter-
landmark Euclidean relations independently of any momentary perspective of the
viewer. Large-scale spaceefers to a scale of space which is large enough to
walk around and contain landmarks which cannot be simultaneously apprehend-
ed. The immobile, behaviorally relevant landmarks that structure large-scale
space are thebjectsrepresented in the object-to-object system. €berdinate
systemis an orthogonal set of reference axes used to compute the Euclidean
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coordinates of objects represented in the cognitive vector space, when retrieved
in working memory.

Cognitive vector space

In the model, object-to-object relations are stored allocentrically in a representa-
tion which functions as if it were an orientation-free vector space. An orienta-
tion-free representation is one which can be accessed equally easily from any
facing direction. Current evidence suggests that an orientation-free representation
is formed when a person moves freely through space, but that an orientation-
specific representation is formed when a large-scale space is observed from a
single, static observation point (Shelton & McNamara 1997; Sholl & Nolin
1997). The latter finding is consistent with the idea that an orientation-free
representation is built up from multiple orientation specific representations.
According to this view, an unspecified number of discrete visual samples are
taken along the person’s movement trajectory, each sample producing an
orientation-specific representation of the inter-object relations observed in the
forward field of view. Orientation invariance then arises in one of two ways:
either functionally from the collective activity of multiple orientation-specific
representations or structurally as a single, higher-level orientation-free representa-
tion constructed from multiple, lower-level orientation-specific representations.

The present model assumes a single, higher-level orientation-free representa-
tion of object-to-object relations. If indeed a unitary representation of inter-object
relations is formed as a result of navigating a large-scale space by foot, an
additional possibility should be considered regarding its formation. Instead, of
being built up from multiple orientation-specific representations, a unitary
orientation-free representation of inter-object relations may be formed directly
from the higher order structural invariances which emerge in the optical flow
generated by the act of walking (Gibson 1979). However, irrespective of how the
representation is formed, the model proposes that it functions like a cognitive
vector space. As illustrated in Figure 1A, the circular nodes symbolize the
objects represented in the metric network and the vectors connecting the nodes
code the distances and angles which physically separate objects in the real world.
The vector space contains no global system of reference, and, as a consequence,
vector angles are underdetermined and a minimum of three objects are needed to
create a spatial angle.
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Self-reference system

Consistent with findings showing that people organize their knowledge of
surrounding space within a frame-of-reference centered on the body (e.g.,
Franklin & Tversky 1990; Franklin, Henkel & Zangas 1995; Shepard & Hurwitz
1984), a central premise of the model is that a representation of the anatomical
axes of the body forms the coordinate system which mediates the retrieval of
metric inter-landmark relations (see also Presson & Montello 1994). The
coordinate system, illustrated in Figure 1B, consists of an orthogonal set of front-
back and right-left reference axes, which when superposed on the vector space,
as illustrated in Figure 1C, provides a set of basis vectors for computing metric
distance and direction. The origin of the reference system is located in the vector
space at the place corresponding to the person’s actual or imagined location in
the physical world. In addition, the reference axes are oriented so that the front
pole of the front-back axis is pointed in the direction of the person’s actual or
imagined facing direction in the physical world. At a computational level, the
vectors coding inter-object relations could be referred to the reference axes in
either polar or Cartesian coordinates, and the model takes no position regarding
how the vector angles coding the relative direction of objects are calculated
geometrically.

2

il aniae
® b 2@

A B C

Figure 1. 1A is a schematic illustration of a cognitive vector space, 1B illustrates a self-
reference system consisting of a representation of the front-back/right-left axes of the body,
and 1C illustrates superposition of a self-reference system on the cognitive vector space. The
metric coordinates of the objects represented in the vector space are computed by the self-
reference system.
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Separ ability of the object-to-object and self-reference systems

If the model is correct in its premise that the cognitive vector system and the
self-reference system are functionally separable, then it ought to be possible to
influence the accessibility of spatial relations within one system independently of
the other. For example, a variable which influences the accessibility of a
landmark’s relative direction within the self-reference system should have no
influence on its accessibility in the cognitive vector space, and complementarily,
a variable which influences the accessibility of relative direction within the
cognitive vector space should not influence its accessibility within the self
reference system. The experiments reported here tease apart accessibility in the
self-reference system from accessibility in the cognitive vector space.

Accessibility within the self-reference system

Prior research has shown that pointing responses to non-visible landmarks
located in the anterior part of body space are faster than pointing responses to
non-visible landmarks located in the posterior part of body space (Sholl 1987).
This front-back €ffect is observed when people point to landmarks as they
imagine them to be from either their actual or imagined position in space. That
the dfect is attributable to the landmark’s location in body space and not to a
characteristic property of the landmark itself is demonstrated by duplicating the
effect from two diametrically opposite facing directions. That is, a single
landmark which is more accessible when it is located in the anterior half of body
space from one facing direction becomes less accessible when located in the
posterior half of body space following a 18Qurn in place. Independent
verification of an anterior/posterior asymmetry in the accessibility of ego-
centrically referenced spatial relations has been reported by Franklin et al.
(1995). It is of particular importance to the present argument that Franklin et al.
(1995) found a front-back fiect when using a task which eliminated any
reliance on object-to-object spatial relations, thereby isolating memory for the
location of a target event in body-centered space.

The coordinate system model attributes the front-bafilece to faster
computation of spatial coordinates in the anterior than posterior half of the self-
reference system, thereby mirroring at a representational level, asymmetries in
response readiness at the sensory-motor level. Thus, one variable that influences
accessibility of a landmark’s relative direction in the self reference system is its
anterior/posterior location in body space, and the model predicts thatfdwt e
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of this variable should be independent of the accessibility of the landmark’s
relative direction at the level of the cognitive vector space.

Accessibility within the cognitive vector space

Consider an example to help clarify the distinction being made between accessi-
bility in the self-reference system and the cognitive vector space. Figure 1C
illustrates the arrangement of the self-reference system in the cognitive vector
space if a person were to imagine herself at Landmark 3, facing in the direction
indicated by the front pole of the front/back axis. Assume that the person is then
asked to point in the direction of Landmark 2 from her imagined location in the
environment. Retrieval of the relative direction of Landmark 2 takes place at two
levels. At the level of the cognitive vector space, the retrieval of the direction of
Landmark 2 relative to Landmark 3 can be thought of as corresponding to the
activation of the vector connecting them. There are various potential variables
that could &fect the speed of vector activation. One obvious possibility is vector
strength, which could vary as a function of the frequency of travel between two
landmarks, with stronger vectors being more quickly activated than weaker
vectors. Inter-landmark distance is another possibility: longer vectors may take
longer to activate than shorter vectors. Yet a third possibility is the directness of
the connection between two landmarks. Landmarks which are directly connected
by a vector should be more accessible than landmarks connected indirectly
through one or more other landmarks (e.g., in Figure 1A, Landmarks 4 and 5 are
indirectly connected through their connections to Landmark 3). Once the target
vector is activated, then its Euclidean coordinates are calculated within the self-
reference system. In this example, the direction of Landmark 2 relative to the
body is computed. As previously discussed, the location of Landmark 2 in the
anterior half of the self-reference system (body space) means that the coordinates
of the vector connecting Landmark 2 to Landmark 3 (Vectpwill be comput-
ed more quickly than the coordinates of vectors in posterior body space (e.g.,
Vector,_,, Vector, g).

Earlier accounts of the accessibility of inter-object relations in object-to-
object representations did not allow for the possibility dfetiential accessibility
of inter-object relations (Levine, Jankovic & Palij 1982). In their proposal that
cognitive maps have picture-like properties, Levine et al. proposed that sequen-
tially experienced inter-object relations are read into a representational system
which makes all inter-object relations, even those not directly experienced,
simultaneously and equally available. The principle of the equi-availability of
inter-object relations has been confirmed by earlier findings (Levine et al. 1982;
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Sholl 1987); however, in these instances, either the test spaces were very simple
or care was taken to ensure that variables which midfect inter-object
accessibility were controlled. Thus, given the complexity of the large-scale
environments along with prior findings suggesting functionfiegénces between
environmental landmarks fliéring in familiarity, geographic prominence, and
cultural importance (Sadella, Borroughs & Staplin 1980), inter-object relations
are likely to be diferentially accessible in an object-to-object system represent-
ing natural environments.

The experimental task and predicted outcomes

The extent to which the accessibility of relative direction within the self-to-object
system is independent of its accessibility within the object-to-object system
should be demonstrable with a point-to-unseen-targets task developed by Sholl
(1987). The task manipulates facing direction, landmark set, and egocentric target
location in a Latin square design. In the task, a central location in a known
environment (or test space) serves as a reference location, and people’s knowl-
edge of the direction of landmarks relative to the reference location is tested
from two facing directions diametrically opposed. The test space is bisected at
the reference location along an imaginary axis orthogonal to the facing direction
axis. For example in the schematic illustration below, east and west facing
directions are tested, and a north-south axis divides the test space into an eastern
and western half. An equal number of landmarks from each side of the test space
are selected as targets.

East

Reference
Location

Eastern Landmark
Set

North @ South
Western Landmark

Set

West

Figure 2. Schematic of experimental design for point to unseen targets task
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The participants’ task is to imagine themselves at the reference location and
to use a joystick to point to the center of the target landmark from their position
in space. According to the model, retrieval involves centering the self-reference
system over the place in the vector space corresponding to the reference location
and aligning the front pole of the front/back reference axis in the facing direc-
tion. In the task there are two blocks of trials: in one, participants imagine
themselves facing east and, in the other, they imagine themselves facing west.
The same set of landmarks serve as targets in both blocks of trials.

Landmarks in Front [
Landmarks in Back [

W E E W | WIE
E W W E

East West East  West East West

Facing Direction

A B C

Figure 3. Performance plotted as a function of egocentric target location (front, back),
facing direction (east, west), and landmark set (eastern [E], western [W]), with the
landmark set condition indicated by the letter located at the top of each bar. Panel A
illustrates a front-back gect of egocentric target location. Panels B and C illustrate the
expected latency pattern for additivgects of egocentric target location and landmark set.

Figure 3A illustrates the typical front-backfect. In both the east and west
facing-direction conditions, landmarks located in front of the body are pointed to
faster than landmarks behind the body, regardless of whether the landmarks are
from the eastern or western landmark sets. This finding illustrates fifeeaditial
accessibility of spatial relations in the self-reference system, in the special case
in which there is no #ect of landmark set. An fiect of landmark set is
expected if on average the relative directions of the members of one landmark
set are more easily accessible in the cognitive vector space than the members of
the other landmark set. Figures 3B and 3C illustrate the more complex pattern of
results expected if a front-backfect is combined with anfiect of landmark
set. An advantage of western over eastern landmarks is illustrated in Figure 3B
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and an advantage of eastern over western landmarks in Figure 3C. The darker
gray area of the bars in Figures 3B and C depict the additional time required to
point to the less accessible landmark ‘set.

The experiments reported in this paper show that accessibility within a
body-centered reference system is indeed separable from accessibility in the
object-to-object system. Experiment 1 produced the latency profile illustrated in
Figure 3C, a finding consistent with afffect of landmark set combined with a
front-back éfect. However, because the latency profile was produced by a Latin
square design, a mainffect of landmark set is indistinguishable from an
interaction between facing direction and egocentric target location. Experiments
2 and 3 ruled out the possibility that an interaction accounted for the latency
profile observed in Experiment 1 and demonstrated that landmark size accounted
for the observedféect of landmark set.

General method
Participants

Participants were Boston College undergraduates of at least sophomore status to
insure familiarity with campus landmarks. Students participated either for pay or
to fulfill a course requirement. Twelve students participated in Experiment 1, 12
in Experiment 2, and 16 in Experiment 3

Test space and target landmarks

Figure 4 shows a map of the Chestnut Hill Campus of Boston College, which
served as the test space in the present study. The reference location in Experi-
ments 1 and 3 is depicted on the map by the dot to the left of the Bttand
Experiment 2's reference location is depicted by the dot below the BtteA

line drawn parallel to the vertical edges of the map through the reference
location divided the test space into eastern and western hallies. east/west
facing directions were orthogonal to the line bisecting the test space. Target
landmarks were selected from the two halves of the test space and will be described
separately for each experiment. To the extent possible, target landmarks were evenly
distributed across the eastern and western halves of the test space.
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Apparatus

The point-to-unseen targets task was controlled on line by an Apple Ile micro-
computer with Z80 microprocessor and equipped with a Mountain Computer
Clock. Participants made their pointing responses with a modified Apple I
joystick, connected to the computer via an analog/digital interface card. A
detailed description of the apparatus and the supporting software routines is given
by Sholl (1987).

Procedure

All testing was done in a room located at the dot to the left of the leter
Figure 4. The testing room provided no outside view of the campus. In order to
ensure that each participant was familiar with the target landmarks, the experi-
menter read a list of landmarks to the participant, and participants indicated
whether they knew each landmark’s location. If a participant did not know a
landmark’s location, the experimenter gave a brief verbal description of its
whereabouts. The list contained all the target landmarks as well as some foils
that were not targets. After landmark familiarization, the experiment proceeded
under computer control. First, the participant was instructed how to use the
joystick to make pointing responses. These instructions were followed by a set
of 12 practice trials in which participants pointed to the randomly ordered
numbers 1 to 12 as they imagined them to be on the clockface and were
provided accuracy feedback to help them fine-tune their responses.

Each practice and experimental trial had an identical sequence. First, there
was a joystick centering routine, in which the joystick was physically placed at
the origin of its coordinate system. Once the joystick was centered, the partici-
pant initiated the trial, and the name of the target was presented at the center of
the CRT screen. Participants made their pointing response by moving the joystick
radially in the direction they imagined the target to be. When the joystick
movement exceeded a radius of 120 units in the “joystick” space, the computer
recorded both the response latency from the onset of the target name and the
angle of the response to the nearest degree space (see Sholl 1987, for a more
detailed description).

The experimental trials followed directly after the practice trials. Participants
were told to take as much time as they needed to imagine the campus from the
specified position, to move the joystick in the direction they imagined each
landmark to be in relation to their body, and to point to the center of each target.
The reference location and facing direction were described using local visual
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cues, which never served as target landmarks. The order of the two within-
subjects facing-direction conditions was counter-balanced across subjects. Order
was included in analyses of variance as a control variable and is not reported.
Target landmarks were presented in fiatent random order for each participant
and in each facing-direction condition. After the experimental trials were
completed, there were twelve more clock trials with no accuracy feedback. These
trials served as a control check for the relative speed of forward and rearward
joystick movements.

Data analysis

Although three variables are manipulated in a Latin Square design, only two

variables are entered into the analysis of variance (ANOVA). In the experiments

reported here, egocentric target location and facing direction were entered in the
ANOVA, and the results are reported as a function of these two variables.

Experiment 1
Method

Target LandmarksThe eastern landmark set consisted of the Recreation Com-
plex, Alumni Stadium, Robsham Theater, Roberts Center, Parking Garage, and
More Hall. The western landmark set included Cushing Hall, Gasson Hall,
Carney Hall, Main Gate, Lyons Hall, and O’Connell Hall. Mean familiarity
rating, collected from a separate group of Boston College undergradnat@g)

on a 5-point scale, were 4.07 and 4.02 for the eastern and western landmark sets,
respectivelyt (10) <1.0. High ratings indicate high familiarity. On average, the
distance of eastern and western landmarks from Reference Location B was 293.1
m and 245.4m, respectivelyt (10)<1.0.

Results

Landmark targets Mean response latencies are shown in Figure 5A. There was
a main dfect of egocentric target locatiof, (1, 10)=6.15,p=.03, MS,= .56,
qualified by an interaction between egocentric target location and imagined
facing direction,F (1, 10)=7.89,p=.02, MS,=.43. The interaction reflected a
significant 1.23 s front-backf¥ect for the east facing-direction condition and no
front-back dfect for the west facing-direction condition. As shown in Figure 5B,
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pointing error did not mimic pointing latencies. For pointing error, there was a
front-back éfect,F (1, 10) =13.68p=.004,MS,=141.70, which did not interact
with facing direction conditionF (1, 10)<1.0.
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Figure 5. Mean pointing latency (in Panel A) and error (in Panel B) as a function of facing
direction and front/back target location in ExperimentBrror bars are standard errors of
the mean

Clock numeral targets Pointing responses on the second set of clock trials
(excluding the clock numerals 3 and 9) were analyzed to test whether forward
and rearward movements of the joystick were equivalent in speed and accuracy.
For forward and rearward joystick movement, mean latency was 1.603 s and
1.634 s, respectively, and mean error was 94rd 8.75, respectively. Neither
difference was significants (11) < 1.0.

Discussion

The latency profile observed in Experiment 1 is consistent with additive front-
back and landmark seffects, with the latter reflecting an advantage of eastern
over western landmarks. For pointing error there was a front-b#ekteonly,
suggesting that an advantage of eastern over western targets is restricted to
pointing latency and does not generalize to pointing accuracy. However, before
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concluding that the latency profile reflects the mdifeets of landmark set and
egocentric target location, the possibility that the profile is actually attributable
to an interaction between egocentric target location and facing direction needs to
be considered.

While additive main &ects of landmark set and egocentric target location
are consistent with the present model’s premise of separate levels of accessibility
when retrieving spatial relations, the alternative of an egocentric target location
by facing direction interaction is consistent with dfefient view of how spatial
memory is organized and retrieved. In Zipser's (1987) distributed field view
model of place knowledge, a representation of large-scale space is not stored as
an integrated network of metric spatial relations, but instead consists of multiple
individual representations, each storing a local view encoded fronfferefit
vantage point. The ffierent viewpoint-specific representations are connected
together with motor programs for how to get from one represented scene to
another. The idea that knowledge of large scale space is made up of a collection
of viewpoint-specific representations has more recently been espoused by
McNamara and his colleagues to account for their findings of viewpoint specific-
ity in spatial representations formed from static viewing points (e.g., Roskos-
Ewoldsen, McNamara, Shelton & Carr 1998; Shelton & McNamara 1997).

It seems reasonable to assume that a local-view model of spatial memory
would predict that the accessibility of relative landmark direction is, at least in
part, a function of whether the target landmark is represented in the local view
activated by the facing direction instruction used in the present task. Certainly
different viewpoints in a cluttered environment havéfedentially expansive
vistas which, dependent upon the number of landmarks visible in the vista, are
more or less revealing of inter-object relations. For example, a view of an
expansive vista in which numerous landmarks are simultaneously visible provides
more direct information about inter-object relations than a view of a limited vista
containing few visible landmarks. In this regard, it is notable that Reference
Location B is at the top of a steep flight of 116 stairs connecting the “lower” and
“middle™ parts of campus.

When facing east at Reference Location B, the stairs extend downward in
front of you, and the local view is an aerial view revealing a large portion of the
lower campus, especially in the winter when the trees have lost their leaves. In
contrast when facing west, the local view is a ground-level view of middle
campus, with a single building (Devlin Hall) at its center and limited vistas to
either side. Accordingly, a viewpoint-specific representation of the more expan-
sive eastern vista may code more interobject relations directly, and hence more
accessibly, than a viewpoint-specific representation of the less expansive western



SEPARABILITY IN SPATIAL SYSTEMS 59

vista. If it is further assumed that any advantage accorded by a local view is
mitigated when it is “behind the head”, the latency profile observed in Experi-
ment 1 could be accounted for by an advantage of the eastern local view over the
western local view in the east facing direction condition, which is mitigated in the
west facing direction condition when the eastern local view is behind the head.
In order to test whether the latency profile observed in Experiment 1 is
attributable to diterential accessibility of spatial relations in thefeient local
views dforded by the east and west facing directions, the experiment was
replicated at a dierent reference location. Experiment 2 tested people’s ability
to point to essentially the same set of landmarks as tested in Experiment 1, but
now from Reference Location D (see Figure 4). Reference Locatioffdda
a ground-level perspective of the middle campus. When facing east, the central
visual field is occupied by a large academic building (Higgens Hall) and when
facing west the central visual field is occupied by a narrow road running between
several academic buildings. If the same latency profile is observed in Experiment
2 as in Experiment 1, then it is unlikely attributable to the local aerial view of
lower campus fiorded when facing east at Reference Location B.

Experiment 2
Method

Target landmarks The eastern and western landmark sets were identical to those
in Experiment 1, except McElroy Commons was substituted for Cushing Hall,
which could not be used because it switches into the eastern landmark set at
Reference Location D. With this change, the mean familiarity of the western
landmark set was 4.10. The mean distance of the eastern and western landmarks
from Reference Location D was 334.3 m and 243.8 m, respectiy&8) =1.10,

p>.10.

Results

Landmark Targets As shown in Figure 6A, a latency profile similar to the one
observed in Experiment 1 was observed in Experiment 2. There was it e

of egocentric target locationf (1, 10)=10.74,MS,=.45, p=.008 , and a
marginally significant interaction between egocentric target location and facing
direction,F (1, 10) =4.03MS§,=1.20,p=.07. As shown in Figure 6B, there was
an dfect of egocentric target location on pointing errofs,(1, 10)=5.35,
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MS,=251.5,p=.04. Targets located in the front part of body spade=24.6")
were pointed to more accurately than targets located in the back part of body
space 1 =35.2). There were no other main or interactiofiets.
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Figure 6. Mean pointing latency (in Panel A) and error (in Panel B) as a function of facing
direction and front/back target location in ExperimentExror bars are standard errors of
the mean.

Clock numeral targets For forward and rearward joystick movements, mean
latency was 1.65% and 1.681s, respectively, and mean error was 9.7nd
11.67, respectively. Neither fierence was significants (11) <1.0.

Discussion

When participants imagined themselves at Reference Location D, they showed
the same latency profile as when they imagined themselves at Reference
Location B. Therefore, it is unlikely that the aerial local vieWloaded when
facing east at Reference Location B accounted for the interaction between facing
direction and egocentric target location in Experiment 1. If we return to the idea
that the interaction represents additiieets of egocentric target location and
landmark set, the question then becomes why can people point to targets in the
eastern landmark set more quickly than to targets in the western landmark set?
This question is considered by exploring two variables that migffierdintiate
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the two landmark sets: One variable is an attitudinal variable, landmark pleasant-
ness, and the other is a physical variable, landmark size.

With respect to student’s attitudes about landmarks, it is important to
consider that the campus is divided up functionally as well as geographically. In
Experiments 1 and 2, all the landmarks in the eastern landmark set were located
on lower campus, which contains residential, leisure, and recreational facilities,
and all landmarks in the western landmark set, with the exception of one upper-
campus residence hall, were academic buildings located on middle campus.
Because lower campus buildings serve primarily nonacademic functions and
middle campus landmarks serve primarily academic functions, lower campus
buildings may be perceived as more pleasant, and hence may be more accessible
cognitively, than the middle campus buildings. Places perceived to be pleasant
are both more likely to be physically approached (Mehrabian & Russel 1974)
and to elicit an attitude of approach and exploration (Russel & Mehrabian 1978).

To determine whether middle campus landmarks were perceived as less
pleasant than lower campus landmarks, a group of 37 Boston College students
were asked to rate the pleasantness of 28 landmarks on a 7-point scale (1 =very
unpleasant, 7 = very pleasant). Pleasantness was defined as how much participants
would enjoy themselves and/or how comfortable they would feel when visiting
the landmark. As expected, academic buildings were perceived as less pleasant
(M=3.55) then nonacademic structurdg £4.80),t (26) =2.26. However, the
pleasantness ratings for the lower and middle/upper target landmarks used in
Experiments 1 Ms=4.57 & 4.16, respectively) and 2v6=4.57 & 4.08,
respectively) were not significantly féierent, and therefore pleasantness cannot
account for an fect of landmark set.

Another variable that might fferentiate the landmarks comprising the
eastern and western landmark sets is their size. As can be seen in Figure 4, two
eastern landmarks, the Recreation Complex and Alumni Stadium, cover a
particularly large area. There are no western landmarks of comparable size.
Pointing latencies may be faster for eastern than western landmarks because on
average the former cover a larger area than the latter. In the coordinate-system
model of retrieval, information about landmark size would be stored directly in
the object-to-object system. While speculative, one possible mechanism underly-
ing an dfect of landmark size is that nodes coding larger landmarks are more
quickly activated in the network than nodes coding smaller landmarks. Another
possible mechanism is that the self-reference system computes a range of polar
angles for each target, with the size of the range positively related to the size of
the landmark. If so, pointing responses to large landmarks could be executed
with less precision than pointing responses to small landmarks. This latter
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account implicates the response execution stage of processing, with pointing
responses to large landmarks executed more quickly but with greater variability
than those to small landmarks (e.g., Fitts 1954; Hardwick, MclIntyre & Pick 1976).
Landmark area, measured on the map shown in Figure 4, provided a
measure of landmark size. Other measures of size (visual angle, perimeter) are
equally valid, and area was used primarily because it was easy to measure, not
because of any underlying assumptions about its psychological relevance. The
average area covered by the eastern targets in Experiments 1 and 2 was 6269 sq
m. Average area covered by western targets in Experiment 1 was 1492tsq m,
(10)=1.89,p<.05, and in Experiment 2, it was 1833 sqin(10)=1.75,p<.10.
With landmark as the unit of analysis, correlations between area and pointing
latency (averaged over front/back location in body space) were computed:
rs=-.46,p<.06, and -.64p<.01, in Experiments 1 and 2, respectively. In order
to test experimentally whether landmark size contributed to féecteof land-
mark set in Experiments 1 and 2, the Reference Location B condition was again
tested in Experiment 3, but this time controlling the size of targets in addition to
their familiarity and distance. Controlling for size should eliminate affigot of
landmark set, so that Experiment 3 should exhibit only a front-béidce

Experiment 3
Method

Target Landmarks Four matched pairs, each pair consisting of one eastern and
one western landmark, were created for this experiment. Pairs were matched on
distance, area, and familiarity as well as being directional mirror images. The
target pairs (listed as eastern landmark/western landmark) were Robsham
Theater/Bapst Library; Tennis Courts/O’Neill Plaza; Stadium-Forum/Upper Campus
Dorms; Roberts Center/Carney Hall. Matching produced eastern and western
landmark sets equated on distance (205 m vs. 278 (6),< 1.0, familiarity (4.24 vs.
3.93),t (6)< 1.0, and area (7650 sq m vs. 7608 sq n(B) < 1.0.

Procedure The procedure in Experiment 3ftéired from the general procedure

in two ways. First there were 4 instead of 6 landmarks in each of the landmark
sets. Second, unbeknownst to the participant there were two practice trials
directly preceding the experimental trials. In the practice trials, the first target
was always Devlin Hall and the second was Higgens Hall. Data collected on
these trials was excluded from further analysis.
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Results

Landmark targets Mean response latencies are shown in Figure 7A. There was
a 1.0 s front-back féect, F (1,14)=4.14,MS,=3.84, p<.06. There were no
other main or interactionfiects. As in Experiments 1 and 2, there was a front-
back dfect for pointing accuracy; (1, 14)=10.04MS,=84.21.
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Figure 7. Mean pointing latency (in Panel A) and error (in Panel B) as a function of facing
direction and front/back target location in ExperimentEror bars are standard errors of
the mean.

Clock numeral targets Mean latencies for forwardM =1.785s) and rearward
(M=1.75s) joystick movements did not fler significantly,t (15) <1.0. Further-
more, there was no statistically significanffdience in the accuracy with which
forward M=7.25) and rearward NI=8.5") movements were executed,
(15)<1.0.

Discussion

The facing direction by egocentric target location interaction was eliminated in
Experiment 3 by controlling for landmark size. This result in addition to the
negative correlations between landmark size and reaction time in Experiments 1
and 2 suggests that landmarks with a larger “footprint” on the ground are pointed
to more quickly than landmarks with a smaller footprint. In order to determine
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whether this ffect is attributable to less precise pointing responses for large
targets, the variability of pointing responses was computed with landmark as the
unit of analysis. For each experiment, variability in pointing response angles was
averaged across the landmark’s front/back location in body space and then
correlated with landmark size. The correlations are listed in Table 1.

Table 1. Correlations between landmark size and response variability in Experiments 1 to
3 with landmark as the unit of analysis

Experiment Number of Landmarks Correlation
1 12 -.07
2 12 -.05
3 8 -.55

None of the correlations reported in Table 1 were statistically significance and
two of them were close to 0 in magnitude. Thus there is no hint in the data that
landmark size and response variability are positively related. This result is
inconsistent with the idea that the locus of théeet of landmark set is in the
response execution stage of processing. Instead it appears more likely that the
effect can be attributed to how quickly information about relative location can
be retrieved from long-term memory. The underlying mechanism is undetermined
at this time and needs further study.

General discussion

To summarize the findings reported in this study. Experiment 1 produced the
latency profile introduced in Figure 3C, which is consistent with additifeces
for egocentric target location and landmark set. Experiment 2 experimentally
ruled out the possibility that the latency profile observed in Experiment 1 was
produced by an interactiorffect involving facing direction and egocentric target
location, and a closer analysis of the data from Experiments 1 and 2 suggested
that an €fect of landmark set may have emerged because of the larger average
size of eastern than western landmarks. Experiment 3 showed that if landmark
size is controlled, thefect of landmark set disappears, leaving a mdieat
of front-back target location. Additionally in Experiments 1 through 3, there was
a consistent front-backfiect for pointing error.

Together, the results show that the front/back location of the target in body
space fects both the speed and accuracy of pointing responses, which in the
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present model is attributed to anterior/posterior asymmetries in the speed and
accuracy with which the self-reference system computes the Euclidean coordi-
nates of target landmarks. For reasons which are not entirely clear, landmark size
affects the speed but not the accuracy of pointing responses. The model attrib-
utes an fect of landmark size to structure or process attributes within the
object-to-object system. While it is well established that a large object is more
accessible than a small object when both occur in the same visual image (e.g.,
Kosslyn 1975), it is unlikely that the surface properties of visual images account
for the dfect of landmark size in the present study. This is becauseffbete
occurs independently of whether or not the large objects are actually in the
environmental image. In summary, the pattern of findings across the three
experiments is consistent with the independent accessibility of directional
information within the self-reference and object-to-object systems.

Notes

P

In the depicted latency profiles, the magnitude of the landmarkffeet és arbitrarily set equal
to the magnitude of the front-baclfect.

2. Locations C and E were not used in this study.
Although the north-south axis is not parallel to the vertical edges of the map, for ease of
communication compass points will be used to describe direction as if it were.

4. In all the ANOVAs conducted, the onlfect of the order-of-the-facing-direction variable was
in one higher-order interaction.

5. The spatial modifiers are attributable to the fact that the campus is situated on the side of hill.
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In Search for an Overall Organizing Principle
in Spatial Mental Models

A question of inference

Robin Hornig, Berry Claus and Klaus Eyferth
Technical University of Berlin

Trandlating Descriptionsinto Mental Models

Our cognitive modelling approach to spatial mental models in text understanding
relies on a representation formalism originally developed in the area of robotics
(Ambler and Popplestone 1975). It is outlined in more detail in Schmid,
Wiebrock, and Wysotzki (this volume; see also Claus, Gips, Eyferth, Hornig,
Schmid, Wiebrock, and Wysotzki 1998). Within this approach a spatial object
configuration is represented as a graph whose nodes denote objects. Every object
is provided with a three-dimensional coordinate-system (reference frame) that
allows for an intrinsic interpretation if the object bears intrinsic properties (e.g.,
humans). Two nodes in the graph may be connected by a directed arc labelled by
a transformation matrix that codes the spatial relation between the represented
objects by specifying constraints upon the position (as well as the orientation) of
one of the objects relative to the coordinate system of the other object. The
matrix indicates how to transform the coordinate-system of one of the objects
onto the one of the other object in terms of translation and rotation.

Q) The refrigerator [referent is standing on the left of Torsten
[= relatum.
Der Kihlschrank steht links von Torsten.

Given the intrinsic reading of a relational expression sucleti®f in sentence

(1), the construction of the mental model, i.e. the corresponding graph, is
straightforward. The node representing the refereinigeratoris connected with

the node for the relaturorstenby an arc that is annotated by a transformation
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matrix specifying the relative position of the referent within the intrinsic
reference frame of the relatum. In our example, the possible position of the
refrigerator is constrained to the negative region on the left/right-axis of the
reference frame of Torsten.

(2) The bowl [=referent is standing on the refrigerator [relatum.
Die Schussel steht auf dem Kuhlschrank.

If sentence (1) is followed by the second input sentence (2), the mental model is
extended by a third node denoting the new refetemvl. This node is then
connected with the node for the relatum of the second sentence, the refrigerator.
Again, the corresponding matrix specifies the position of the refebemtl( with
respect to the reference frame of the relatuefrigerator). We want to empha-
size that in this case, the positions of the referents of the two sentences are not
specified with respect to a unique reference frame, because they are linguistically
related to diferent relata. As the example illustrates, the mental model specifies
object positions with respect to as manyfeiient reference frames as there are
relata used in the text. This turns out to be a specific characteristic of the
intrinsic reading of spatial relational expressions.

Given the deictic reading ofeft of in (1), the sentence linguistically
localizes the referenefrigerator relative to the relatunTorstenwith respect to
a deictic reference frame. The deictic reference frame, which is linguistically not
explicitly indicated, is commonly assumed to be the egocentric reference frame
of the speaker or the hearer (see Miller and Johnson-Laird 1976; Levelt 1996).
The position of the referent is linguistically given relative to the relatum but has
to be determined within the deictic reference frame. Reading sentence (2)
deictically as well, the position of the bowl must also be determined within the
deictic reference frame. Obviously, the deictic reading leads to a mental model
that specifies the position of every object mentioned in the text within one
unique reference frame: the deictic reference frame. The mental model will
include an Ego-node for the speaker or hearer providing the deictic reference
frame, which will be connected with every object node in the graph. Since the
deictic reference frame is the unique reference frame relative to which every
object position has to be determined, it sets upwagrall organizing principleof
the mental model. On the other hand, given an intrinsic reading, the mental
model seems not to be governed by an overall organizing principle. That the
“intrinsic perspective system”, as Levelt calls it, is less coherent than the deictic
one in terms of their inferential potential, was demonstrated by Levelt (1996
1986): Converseness and transitivity hold in the deictic perspective system but
not in the intrinsic one. From the point of view of the psychology of text
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comprehension, lack of coherence raises the question, if recipients establish
coherence by means of inferences during comprehension. By reading the two
example sentences above intrinsically, the mental model would become coherent
if the recipient infers the position of the bowl with respect to the reference frame
of Torsten, i.e., that the bowl is on the left of Torsten. The reference frame of
Torsten then would set up an overall organizing principle as defined above for
the mental model of the two sentences.

An overall organizing principlefor egocentric mental models

Given a text about a single protagonist who is surrounded by several objects, a
recipient may be expected to take ftagonist’s perspectivéene imagines his

own position and orientation relative to the described object configuration in
accordance with the protagonist (see Bryant, Tversky, and Franklin 1992;
Franklin, Tversky, and Coon 1992; a summary is given by Tversky, Franklin,
Taylor, and Bryant 1994). By virtue of the protagonist’s perspective, the recipient
may interpret every sentence expressing a spatial relation between an object and
the protagonist as expressing a spatial relation between the object and the
recipient himself. The recipient may then interpret (1) in the sense of (3):

3) The refrigerator is standing on my left.
Der Kihlschrank steht links von mir.

If he takes the protagonist’s perspective, the recipient will construct an egocentric
mental model. An egocentric mental model will always include an Ego-node
representing the recipient himself. If the recipient is interpreting sentence (1)
egocentrically in the sense of (3), tihefrigerator-node will be connected with
the Ego-node by an arc that is annotated with the matrix correspondiafi td

To claim for egocentricity does not imply that the egocentric reference
frame sets up an overall organizing principle. The mental model may already be
called “egocentric” if some — i.e. at least one — of the object-nodes is connect-
ed with the Ego-node, i.e. if the Ego-node is part of the configuration at all. But
in our view, it is sensible to assume that the egocentric reference frame might set
up an overall organizing principle, as in the case of a deictic reading. The
recipient taking the protagonist’s perspective could aim at constructing a coherent
mental model with all objects localized within the egocentric reference frame.
But then every sentence introducing a referent relative to a relattiieretit
from the protagonist will require an inference to determine the position of the
new referent within the egocentric reference frame. For example, a recipient, who
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has interpreted sentence (1) egocentrically and is now receiving sentence (2),

would have to infer that the bowl is on his left in order to establish coherence.
Primarily for intuitive reasons, we think it is plausible that the egocentric

reference frame may set up an overall organizing principle. But our modelling

approach predicts higher cognitivefat for such a principle if the text contin-

ues by mentioning a movement of the protagonist, e.g., a reorientation. If the text

is continued with sentence (4), the object configuration changes relative to Ego.

4) Torsten turns to his left.
Torsten wendet sich nach links.

Since the mental model does not represent the description but the situation
described, the representation has to be updated according to the mentioned
reorientation. For example, the refrigerator is now to be located behind Ego. As
is predicted by our modelling approach, an update of the egocentric mental
model in the case of a reorientation of the protagonist requires to update all, but
only those, arcs that connect the Ego-node with an object-node, i.e. every object
position specified relative to the egocentric reference frame. Consequently, if the
egocentric reference frame sets up an overall organizing principle, the update of
the mental model in case of a reorientation is predicted to be maximally expen-
sive in terms of required inferences.

In maintaining that a coherent egocentric mental model has to be governed
by an overall organizing principle, the cognitivéfat for an update of the
mental model could be diminished by using a unique reference frame that is
invariant against a reorientation of Ego. For example, Klatzky (1998) acknowl-
edges the possibility, that a reorientation of Ego may be represented by means of
an allocentric reference frame (sometimes called “absolute reference frame”, e.g.
Levelt 1996). As Klatzky further points out, the reference direction of an
allocentric reference frame, i.e. its orientation, might be derived from the
geometry of a room. The texts we investigate introduce the protagonist standing
in a room, as in (5).

(5) Torsten is standing in the middle of the kitchen.
Torsten steht inmitten der Kiche.

Thus, the egocentric mental model must include a node for the room (here:
kitchen, which, as any other node in the graph, provides a three-dimensional
reference frame. The room reference frame might then set up an allocentric
overall organizing principle: Every object mentioned in the text is to be located
within the allocentric reference frame provided by the room-node. Contrary to
the egocentric reference frame, the allocentric reference frame captures the



ORGANIZING PRINCIPLE IN SPATIAL MENTAL MODELS 73

intuition, that the object configuration does not change if Ego does reorient.
There is no need for an update of object positions that are specified with respect
to the allocentric reference frame. Therefore, we suggest that in addition to the
egocentric reference frame the egocentric mental model might be supplied with
an allocentric reference frame. Hornig, Claus, and Eyferth (1997) present further
arguments in favor of an allocentric reference frame for an egocentric mental
model, that allows for a representational distinction between movements of Ego
and objects. Especially if the cognitive demand of the task at hand is high,
egocentric object localizations might be abandoned in favour of allocentric
localizations.

Those objects that are linguistically related to the protagonist constitute a
special class of objects, in that they are localized within the egocentric reference
frame (because of the protagonist’s perspective) as well as within the allocentric
reference frame (because of the suggested allocentric overall organizing princi-
ple). We call this special class of obje@schoring objectdecause they anchor
the egocentric reference frame within the allocentric one. In our view, anchoring
objects establish egocentric orientation within the allocentrically defined sur-
rounding environment. Objects not classified as anchoring objects will be called
critical objects While anchoring objects are always localized egocentrically,
critical objects might be localized either egocentrically or allocentrically. A third
possiblity would be that a critical object is localized only within the reference
frame of the relatum, e.g., an anchoring object. In this case, it would be accessi-
ble in the mental model only after the corresponding anchoring object has
already been accessed.

Evidence reported by Levinson (1996) may cast doubt on our suggestion,
that recipients will construct their egocentric mental models using an allocentric
reference frame. Levinson compared native speakers of Dutch and Tzeltal.
Whereas Dutch, as well as English and German, makes extensive use of ego-
centrically defined localizations (deixis), spatial descriptions in Tzeltal are made
with respect to an allocentric or absolute reference frame. As Levinson could
demonstrate in a variety of investigations, thigfetience of the languages is
reflected in the behaviour of the native speakers even in nonverbal tasks. For
example, if subjects had to judge the identity of two arrays of five cArds C,

D, E in a recognition task, after they had been reoriented by°,18ative
speakers of Dutch exhibited an egocentrically defined identity criterion. Neglect-
ing the intervening reorientation, two arrays were judged as identical if the
arrangement from left to right was kept identical. In contrast, native speakers of
Tzeltal took the reorientation into account, judging the array as identical if the
arrangement was now reversdfl:D, C, B, A. These findings clearly indicate
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that native speakers of Dutch, and presumably those of English and German too,
code object arrangements egocentrically, while native speakers of Tzeltal code
them allocentrically. This preference for egocentric coding should show up in
constructing egocentric mental models as well. On the other hand, as we argued
above, an exclusively egocentric coding is cognitively very demanding in case of
an update. Thus, even if people prefer to code object positions egocentrically, the
cognitive demand of the task at hand might prevent them from doing so.

If people prefer to code object positions egocentrically as long as the
cognitive demand allows them to do so, one might expect an influence of the
modality of text presentation. As compared with aural text presentation, visual
presentation can be shown to interfere with constructing and maintaining spatial
mental models (e.g., Kaup, Kelter, Habel, and Clauser 1997). The reading
process does by itself reduce the cognitive capacities available for other spatial
tasks. While a listener might be able to cope with the high cognitive demand of
constructing and updating a mental model governed by an egocentric overall
organizing principle, a reader might have to abandon his preference for egocen-
tric coding. Instead, he or she might code positions of critical objects allocentric-
ally in order to reduce the cognitive demand required for updating the mental
model in case of a reorientation.

Empirical evaluation

Franklin and Tversky (1990) discuss two alternative conceptions of egocentric
mental models that are related to our present problenmimtal transformation
model and the spatial framework modelThe mental transformation model
basically relies on the idea that object access (i.e. retrieval) in egocentric mental
models proceeds much in the way of a visual search in surrounding space.
Because only objects in front of Ego are directly accessible, access to an object
located elsewhere requires Ego to mentally reorient until the object lies in front
and therefore becomes accessible. As is stipulated, the cognffwe for a
reorientation increases with the angle of the needed reorientation, leading to
slowest access to objects behind Ego ()&hd fastest access to objects in front
(no reorientation needed). Latencies for the retrieval of objects on either side
should be intermediate (90 In contrast, the spatial framework model emphasiz-
es the properties of the egocentric reference frame, in which objects in every
direction are immediately accessible without any need for an intervening
transformation. In the first place, the model argues for dominance relations
between the three axes of the egocentric reference frame. The above/below-axis
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is taken as the most dominating one because canonically (i.e. upright posture) it
is in accordance with gravity. The left/right-axis is dominated by the front/back-
axis, from which it is derived. Object access in egocentric mental models is
claimed to proceed according to the dominance relations of the axes. Within the
horizontal plane, objects located on the front/back-axis should be accessed faster
than those on the left/right-axis. A second principle rests on the asymmetry of
the front/back-axis and states that front is perceptually as well as functionally
more salient than back. Therefore, objects in front of Ego are predicted to be
accessed faster than objects behind. Since the mental transformation model and
the spatial framework model make contradicting predictions for access latencies
for objects behind and beside Ego, the adequacy of the models can be evaluated
empirically. As a third alternative, Franklin and Tversky (1990) consider the
equiavailability model, i.e. that objects in either direction are equally well
accessible. In a series of experiments on egocentric mental models, Franklin and
Tversky (1990; see also Bryant and Franklin 1992) report access latency patterns
that agree with the spatial framework model, but contradict the mental transfor-
mation model as well as the equiavailability model. Thus, we may conclude that
these egocentric mental models are organized in a way that reflects the properties
of the egocentric reference frame.

Hypotheses As Bryant and Tversky (1992: 29) put it: “A spatial framework is

a mental model that specifies the spatial relations among objects with respect to
an observer in the environment.” We take this as a statement about objects
localized within the egocentric reference frame, e.g., anchoring objects. Because
these objects are represented immediately within the egocentric reference frame
they are directly accessible without any need for a mental transformation. On the
other hand, the mental transformation model makes sense only by modelling the
access to objects that are not immediately represented within the egocentric
reference frame, but whose locations are solely defined with respect to the
environment, i.e. — in our terms — with respect to an allocentric reference
frame. To put it the other way round: Since Barbara Tversky and her co-workers
could demonstrate that access to objects linguistically located within the egocen-
tric reference frame, i.e. anchoring objects, exhibits the spatial framework
pattern, the question of an overall organizing principle can be evaluated empiri-
cally. If the egocentric reference frame sets up an overall organizing principle,
the position of every object mentioned in a text has to be specified with respect
to the egocentric reference frame, eventually by an inference. As a consequence,
object access latencies should exhibit the spatial framework pattern for anchoring
objects in the same way as for critical objects. On the other hand, if an allo-
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centric reference frame sets up an overall organizing principle, the spatial
framework pattern should be observable for anchoring objects, whereas for
critical objects we would expect deviant access latencies. Moreover, if the mental
transformation model adequately characterizes access to objects that are localized
only within the allocentric reference frame, access latencies should deviate in the
way that the mental transformation model predicts: critical objects on either side
of Ego should be accessed faster than objects behind. Access latencies for critical
objects would also deviate from the spatial framework pattern, if they are equally
well accessible in either direction. If recipients do infer neither egocentric nor
allocentric positions, accessing a critical object would at first require to retrieve
the corresponding anchoring object relative to which it was linguistically located.
In this case, access latencies for anchoring and critical objects should both
correspond to the spatial framework pattern, but critical objects should always
take longer to retrieve than anchoring objects.

Finally, people might prefer to code objects positions always egocentrically,
as long as they may cope with the cognitive demand of the task at hand. We
therefore regard the possibility, that the egocentric reference frame will show to
set up an overall organizing principle only if people listen to the texts but not
when reading them, because listening is cognitively less demanding than reading.

Material and procedure As experimental material we constructed eight (Ger-
man) texts, each beginning by introducing a protagonist standing in the middle
of a room. Thereafter, the four walls of the room were described one after
another. Each wall was described as being occupied by an anchoring object and
a critical object with the latter being linguistically localized relative to the
anchoring object. For each text we created four variants in which the placement
of the four object combinations (front, right, behind or left of the protagonist)
was systematically varied. The order of mentioning object combinations (anchor-
ing object and critical object) was held constant across variants. The description
of the object arrangement was followed by the testing phase. For each text,
subjects were probed three times with three object terms (held constant across
variants) and had to respond with the direction in which the probed object was
located. The second and the third object probe were preceded by a reorientation
sentence, respectively, that mentioned a reorientation of the protagonist either to
his right, to his back, or to his left. Subjects were instructed to respond with the
direction dependent on the current orientation of the protagonist. They were told
that the task was easier if they would take the protagonist’s perspective. Re-
sponse times were collected in two successive steps: subjects were instructed to
press the space-bar as soon as they knew the correct answer (RT1). Afterwards
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they had to indicate the remembered direction by pressing the corresponding key
on the numerical key pad (RT2). No feedback was given about the correctness
of the response.

Every subject was probed 24 times (three probes for each of the eight
stories). One half of the probes involved anchoring objects, the other half
involved critical objects. The three object probes for each text as well as the
order in which they were presented were held constant for each text. The correct
direction difered dependent on the variant of the story that a subject had
received, i.e. each test object was probed for every direction (varied between
subjects). The variants of the eightférent texts were combined in a way that
every subject had to respond to three object probes for each object type (anchor-
ing and critical object) in each direction (front, right, back, left).

In the first experimentréading, subjects read the description of the object
arrangement on a single display on a PC screen. Reading times were self paced.
In the testing phase, reorientation sentences and object probes were also present-
ed visually on the PC screen. In the second experinistérfing, subjects heard
the description of the object arrangement via earphones. To mimic self paced
reading, subjects could call for the description of any one of the four walls by
pressing a corresponding key without restriction for order and frequency. In the
testing phase, reorientation sentences and object probes were also presented
aurally via earphones. During listening, nothing was displayed on the screen. The
material was exactly the same in both experiments.

Results Analyses of response times are based on the correct responses of 23
and 26 subjects in experiment 1 (21% errors) and 2 (11% errors), respectively.
Since there were noffects on RT2, analyses were limited to RT1 (see Table 1).
In experiment 1 reading), responses to anchoring objects were significantly
faster (3838 ms) than to critical objects (4200 mig)t,22)=15.24p<.01. But
there was no overall mainffect for direction:F(3,66)=1.61;p>.10. Since
object type tended to interact with directioR(3,66)=2.69;p=.10, response
times for anchoring objects and critical objects were analysed separately. The
separate analysis for anchoring objects revealed a signifitiaat @f direction:
F(3,66)=4.68,p=.01. Pairwise comparisons showed that anchoring objects
located in front or behind were responded to significantly faster than objects
located on the left or right: front = back < left = right. For critical objects, response
times did not difer significantly for the four directiond$3(3,66) <1.

In experiment 2 l{stening, there was a significant overall maitfifect of
direction, F(3,75)=6.29; p<.01, that did not interact with object type:
F(3,75)<1. The mainféect is due to shorter response times for objects located
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Table 1. Mean response times for determining directions for object probes (RT1 in ms)
dependent on object type and direction for experiment 1 (reading) and experiment 2
(listening).

Experiment 1: Reading Experiment 2: Listening

front right behind left front right behind left
anchoring objects 2773 3665 2994 4161 3059 4094 3593 3980
critical objects 4206 4081 4304 4150 3476 4080 3357 4261

in front or behind as compared with objects located on the left or right:
front=back < left=right. There was nofirence for object type=(1,25) < 1.

Discussion

As expected, the response time pattern for anchoring objects corresponded to the
spatial framework pattern in both experiments. Objects located on the front/back-
axis are responded to faster than objects located on the left/right-axis in the
reading condition as well as in the listening condition. Because anchoring objects
are always represented immediatly within the egocentric reference frame, and
therefore are directly accessible, response times agree with the spatial framework
model. We regard this claim not discarded by the fact that the asymmetry of the
front/back-axis was not confirmed.

For critical objects, the spatial framework pattern was obtained in the
listening condition but not in the reading condition. When subjects had to read
the texts, direction of critical objects did yield no influence at all. Critical objects
were expected to exhibit the spatial framework pattern in the same way as
anchoring objects only if they were immediately located within the egocentric
reference frame, i.e. if egocentric object positions would have been inferred. This
was the case with listeners but not with readers. We take this to indicate that
people prefer to code all object positions egocentrically if possible: the egocentric
reference frame sets up an overall organizing principle in egocentric mental
models. Even if a referent is linguistically localized to a relatuffiiedent from
the protagonist, a reader taking the protagonist’s perspective tries to infer the
object position relative to Ego already during comprehension. These online
inferences establish coherence.

As the finding for critical objects in the reading condition indicates, objects
not linguistically related to the protagonist are not always located within the
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egocentric reference frame. We explain the fact, that readers do not code the
positions of critical objects egocentrically by the high cognitive demand of an
update of the mental model when Ego has to reorient. Because the reading
process reduces the cognitive ressources available to construct and maintain the
spatial mental model, the expense of an update is diminished by abandoning
egocentric localizations of critical objects. That reading is mofécdit than
listening is confirmed by the higher error rates with visual presentation (21%)
than with aural presentation (11%). Since response times for critical objects in
the reading condition do not correspond to the predictions of the mental transfor-
mation model, we lack explicit evidence that critical objects instead are localized
within an allocentric reference frame. But on the one hand, the mental transfor-
mation model stipulates that a mental reorientation of Ego takes more time if it
is towards the back than towards the side. One would expect that reading times
for reorientation sentences reflect thigfelience, because the egocentric mental
model requires an according update: a mental rotation. Actually, reading times
for reorientation sentences did nofffér significantly whether the protagonist
was described as turning to his back (6423 ms), to his right (7313 ms), or to his
left (6801 ms). If these reading time data elucidate the concept of a mental
reorientation as addressed by the mental transformation model, they are apt to
doubt that a reorientation of Ego to the back takes more time than to either side.
On the other hand, critical objects seem not to be accessed within the reference
frames of anchoring objects in the reading condition, because in this case, access
latencies should also reflect access latencies for anchoring objects. That critical
objects in the reading condition were equally well accessible in either direction
at least indirectly speaks in favour of an allocentric localization. More direct
evidence for an allocentric reference frame in an egocentric mental model has to
be addressed to future work.

In the light of the findings of Levinson (1996), the observed preference for
an egocentric overall organizing principle should not be taken as a universal
principle, but has to be restricted to native speakers of languages that express
object locations egocentrically, as does for example German, English, and Dutch.
It should not be generalized for speakers of languages like Tzeltal.

Acknowledgments

This research was supported by the Deutsche Forschungsgemeinschaft (DFG) in the project
“Modelling Inferences in Mental Models” (Wy 20/2-1) within the priority program on spatial
cognition (“Raumkognition”).

Correspondence should be addressed to Robin Hornig, Sekr. FR 5-8, Department of Computer



80 ROBIN HORNIG, BERRY CLAUS AND KLAUS EYFERTH

Science, Technical University of Berlin, Franklinstr. 28/29, D-10587 Berlin; email: rhoernig@cs.tu-
berlin.de

References

Ambler, A.P. & Robin J. Popplestone (1975). Inferring the positions of bodies from
specified spatial relationshipArtificial Intelligence 6, 157-174.

Bryant, David J. & Barbara Tversky (1992). Assessing spatial frameworks with object and
direction probesBulletin of the Psychonomic Socie80, 29-32.

Bryant, David J., Barbara Tversky & Nancy Franklin (1992). Internal and external spatial
frameworks for representing described scedesirnal of Memory & Language, 31
74-98.

Claus, Berry, Klaus Eyferth, Carsten Gips, Robin Hornig, Ute Schmid, Sylvia Wiebrock
& Fritz Wysotzki (1998). Reference frames for spatial inferences in text comprehen-
sion. In C. Freksa, C. Habel & K. F. Wender (EdSpatial Cognition. An interdisci-
plinary approach to representing and processing spatial knowl¢éa¢&—266). Berlin:
Springer.

Franklin, Nancy & Barbara Tversky (1990). Searching imagined environmasisnal of
Experimental Psychology: Generdll9, 63-76.

Franklin, Nancy, Barbara Tversky & Vicky Coon (1992). Switching points of view in
spatial mental modeldviemory & Cognition, 20507-518.

Hoérnig, Robin, Berry Claus & Klaus Eyferth (1997). Objektzdiyrin Mentalen
Modellen: Eine Frage der Perspektive. In C. Umbach, M. Grabski & R. Hbérnig
(Eds.),Perspektive in Sprache und Ra@&1-104). Wiesbaden: Deutscher Universi-
tatsverlag.

Kaup, Barbara, Stephanie Kelter, Christopher Habel & Constanze Clauser (1997). Zur
Wahl des représentierten Bildausschnitts beim Aufbau mentaler Modelle wéhrend
der Textrezeption. In C. Umbach, M. Grabski & R. Hornig (Ed®grspektive in
Sprache und Raurf61-79). Wiesbaden: Deutscher Universitatsverlag.

Klatzky, Roberta L. (1998). Allocentric and egocentric spatial representations: definitions,
distinctions, and interconnections. In C. Freksa, C. Habel & K.F. Wender (Eds.),
Spatial cognition. An interdisciplinary approach to representing and processing
spatial knowledgg1—-17). Berlin: Springer.

Levelt, Willem J. M. (1986) Zur sprachlichen Abbildung des Raumes: Deiktische und
intrinsische Perspektive. In H.-G. Bosshardt (EBerspektive auf Sprache. Inter-
disziplinére Beitrdge zum Gedenken an Hans Hormgd87-211). Berlin: de
Gruyter.

Levelt, Willem J. M. (1996). Perspective taking and ellipsis in spatial description. In P.
Bloom, M.A. Peterson, L. Nadel & M.F. Garrett (Eds)anguage and Space
(77-108). Cambridge, MA: MIT Press.



ORGANIZING PRINCIPLE IN SPATIAL MENTAL MODELS 81

Levinson, S.C. (1996). Frames of reference and Molyneux’s question: Crosslinguistic
evidence. In P. Bloom, M. A. Peterson, L. Nadel & M. F. Garrett (Edsayguage
and Spacg109-169). Cambridge, MA: MIT Press.

Miller, George A. & Philip N. Johnson-Laird (1976)anguage and PerceptiorCam-
bridge, MA: Cambridge University Press.

Schmid, Ute, Sylvia Wiebrock & Fritz Wysotzki (1999). Modelling spatial inferences in
text understandingThis volume

Tversky, B., Franklin, N., Taylor, H.A. & Bryant, D.J. (1994). Spatial mental models
from descriptions.Journal of the American Society for Information Science, 45
656—668.






Describing the Topology of Spherical Regions
using the ‘RCC’ Formalism
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Introduction

Formal representations of “commonsense” or “intuitive” spatial concepts are
potentially useful both in computational modelling of human spatial reasoning,
and in the design of user-friendigis (geographical information systems) and
similar kinds of software system. This paper explores the possible use of the
topological part of the Rcc Calculus”, a first-order logic spatial formalism
described in Randell, Cui and Cohn (1992) and in Gotts, Gooday and Cohn
(1996), as the basis for human-like reasoning in a specific domain: the topology
of sharply-delimited regions of the Earth's surface (as defined in legal and
diplomatic documents, for example). The domain is highly relevant to geograph-
ical information systems; related work includes Worboys and Bofakos (1993), and
Egenhofer and Franzosa (1995). Much of the analysis transfers to planar regions.
Human spatial competence includes the ability to acquire novel systems of
spatial representation and reasoning for particular purposes. This occurs both on
an individual level, and collectively as groups of specialists (e.g. anatomists,
geographers, engineers) devise and modify ways to store and manipulate spatial
information. Both the spatial reasoning we all perform in everyday life, and
specialist systems of spatial representation and reasoning other than formal
mathematical approaches, are referred to here as “non-mathematical” spatial
reasoning; our central concern is with geographical reasoning. Simulation of non-
mathematical spatial reasoning, and automation of human-like spatial reasoning
in interactive computer programs, are likely to require a family of related
formalisms for diferent types of spatial information (topological, orientational
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or metric, precise or vague, etc.) andféient kinds of space (atomistic or not,
one-, two-, or three-dimensional). This paper bears on whetbewould be a
suitable foundation for such a family, and if not, why not.

It has been claimed forcc (Randell, Cui and Cohn 1992) that its use of
extendedregions— rather than points — as basic spatial entities, makes it a
more suitable formalism for non-mathematical qualitative spatial reasoning than
topology as developed by mathematicians, avoiding many complexities and
counterintuitive results while remaining rich enough for everyday reasoning. The
analysis in this paper leads to a topological taxonomy of spherical regions,
confirming RcCs usefulness in clarifying and sharpening intuitive spatial
concepts. HoweveRccturns out to be indticiently expressive to capture some
desirable limitations on the properties of geographical regions, or to express
some significant constraints between properties of regions that can themselves be
formulated within it. Because of these limitations, it is concluded Heat will
probably not be an adequate basis for formalizing “non-mathematical” topologi-
cal reasoning.

Capturing intuitions about geographical regions

It is hard to formulate exactly what we mean by a “geographical region”.
Intuitively, we want to be able to draw a line around any part of the Earth’s
surface that we have a geographical reason to single out, and call it a region. It
seems reasonable to allow a region to consist of disconnected pieces (e.g,
Indonesia consists of a large number of islands), but not that it should include an
infinite number of them. Similarly, it seems reasonable to allow regions with a
finite but not an infinite number of internal “holes”, and regions which meet at
a finite but not an infinite number of separate boundary lines and/or points. We
cannot, however, express precisely these requirements within a first-order logic
theory such aRcc. Instead, we have to express them as a limitation on the
range of intended models of our theory. This follows from the compactness
theorem (Boolos and fieey 1980: 131), which states that if any set of first-order
sentences is inconsistent, some finite subset of that set is inconsistent. As we will
see,RCC allows us to express the assertions:

Regionx consists of at least two separate pieces.
Regionx consists of at least three separate pieces.
Regionx consists of at least four separate pieces...

and so on indefinitely. If th&cc axioms were inconsistent with the infinite set
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of assertions implied by the dots, it would follow that those axioms must be
inconsistent with some finite subset of them, implying some finite limit on the
number of separate pieces a region may have.

There is a second problem, which undermines the idea that we can define
each geographical region independently of any other: it is quite possible to have
two regions that meet the restrictions suggested above, while the union of the
two does not. This is easier to describe for two planar than two spherical regions.
Let A and B be equal-sized squares sharing a side, each having an infinite
sequence of semicircular “bites” removed from the shared side: the first with the
middle third of the side as its diameter, the second the middle third of the upper
third, the next the middle third of the uppermost ninth, etc. A and B both meet
the restrictions suggested above, but the union of the two is a “region” with an
infinite number of holes.

This paper restricts the range of intended modelrai to those in which
the variables standing for regions range over parts locally Euclidean space
(Armstrong 1979). Such a space is of uniform dimensionality (ruling out a disc
with a one-dimensional “spike” protruding from it, for example). For any two
non-boundary points, fficiently small neighbourhoods of the two points will be
topologically indistinguishable; in the case of a two-dimensional space, such
neighbourhoods will be topological discs. If a locally Euclidean space has
boundaries, diiciently small neighbourhoods of any two boundary points will
again be topologically indistinguishable; in the two-dimensional case, these
neighbourhoods will be half-discs, and the boundaries themselves will be simple
closed curves. Regions will be assumed to consist of one or more separate
components, each of which iegular closed(Requicha and Tilove 1978), is
path-connectedArmstrong 1979), and is such that every boundary point is the
boundary point of at least one maximal connected component of the region’s
interior. These further restrictions serve to rule out unacceptable regions of
various kinds. When the space containing the regions is the siid@ the
planeE?), a region obeying them is uniformly two-dimensional, includes all the
points on its own boundary, and has no isolated lines or points remov&fitin
will also have a finite number of components. These restrictions may not exclude
all we would like to exclude, but avoid excluding anything we want to permit.
Notice that we donot insist that all regions should themselves be locally
Euclidean spaces, only that the space containing all the regions should be one.
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RCC: Regions, relations and functions

RCC has two parts, concerning topology and convexity. The topological part, to
which attention is confined here, uses a single primitivecyJ,(read: “regionx
is connected to regiog”. Given the interpretation of “region” given above, it
means thatx and y share at least one point. The current versionrafs
topological part was first presented in Randell, Cui and Cohn (1992). The
presentation here is similar to that in Gotts (1994).

The first two axioms ensure that C is reflexive and symmetric:

Axiom (1) O x C(x,X)
Axiom (2) O xy [C(xy) - C(y.X)].

Additional relations are defined in terms of C. Those used here are:

DC(xY) =4t 7 C(Xy) (x is disconnected fromy),
P(y) =4t 2 [C(zX) —~ C(zy)] (xis part ofy),
PP&Y) =4 PXY) 1 P{y,X) (X is a proper part of),
EQXY) =g PY) O P(y,X) (x coincides withy),
OXy) =4 0z [P(zX) OP(zy)] (x overlaps withy),
DR(XY) =4 "O(Xy) (X is discrete fromy),
POK,Y) =4 O(XY) [F Pxy) O~ Ply.X) (x partially overlaps withy),
EC(K,y) =4 C(xy) = O(xy) (x is externally connected witly),
TPPky) =4: PP&ky) [0 zZ[EC(zX) O EC(zy)] (X is a tangential proper part
of y),
NTPPKY) =4t PPEy) -0 ZEC(zX) 0 ECy)]
(x is a non-tangential proper part gf.

Any pair of RCC regions must be related by one of a set of eight binary relations,
shown in Figure 1 (TPPi and NTPPi are inverses of TPP and NTPP respectively).

PO(ab) TPP(a,b)NTPP(a,b) EQ(a,b)NTPPi(a,b) TPPi(a,b)EC(a,b) DC(a,b)

2 8 @ & & 2 oo

Figure 1. The RCC-8 relation set

Further axioms guarantee the existence of a universal region (U) (which will
always be a locally Euclidean space for the purposes of this paper), and some
“quasi-Boolean” functions (these functions are quasi-Boolean rather than Boolean
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because there is no null region). These are COMP(the region-complement

of x in U); SUM(x,y) (the region-sum ok andy); PROD,y) (the region-product

or intersection ok andy); and DIFF,y) (the region-diference of andy). The
complement, dterence and product functions can produce theLt” object as

a result — meaning that there is no such region. Cohn (1992) explains the technicali-
ties involved in dealing with this possibility using the “sorted logia’amA.

Axiom (3) Ox[C(x,U)]

Axiom (4) Oxy [[C(y,COMPLK)) = -NTPP{,x)] O [O(y,COMPLK)) =
= Py.X]l

Axiom (5) O x,y,z[C(z,SUM(x,y)) = C(z,X) O C(zy)]

Axiom (6) O x,y,Z/C(z,PROD,y)) = Cw[P(w,x) O Pw.,y) O C(zwW)]]

Axiom (7) O x,y [NULL(PROD(x,y)) = DR(x,y)].

We can define the other quasi-Boolean function, DIFF, as follows:
DIFF(XY) =4 PROD& COMPL()).

The final axiom serves to rule out “atomic” regions (those without proper parts):
Axiom (8) DXCY[NTPPY,X)].

Nothing in the eight RCC axioms specifies the dimensionality of regions, and
many of their other topological properties are also left undefined. The axioms do
establish that the universal region U is self-connected (all one piece) (Gotts
19964a). It has usually been envisaged as a two- or three-dimensional Euclidean
space E? or E9). Here, though, we concentrate on a model in which U is a
spherical surfaces’.

Levelsof structurein RCC regions

As we consider the range of possible topologies for spherical regions, three
levels of structure become evident. These emerge fronrRttteaxioms them-
selves, and would apply whatever spa&xe was applied to, yet they are clearly
important in reasoning about spatial relations, distributions and processes in a
wide range of geographical contexts.

A region may be composed of any finite number of separate self-connected
(in rcc terminology, CON) parts. The number of these maximal self-connected
parts, and the way they are embedded in the sphere relative to each other, form
the first structural level. Next, a connected region may itself be composed of any
finite number of parts which share only boundary points of the region, like the
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three parts of the dark region in the lower left subfigure of Figure 3. A connect-
ed region of the spheneot so divided, like each of these three parts, is referred
to here as interior-connected (INTCON). The number and arrangement of
maximal interior-connected parts in each maximal connected part forms the
second level of structure. The topology of the maximal interior-connected parts
forms the third.

CON(x) can be defined thus X“cannot be divided into two DC parts”):
CON(X) =4; OyOZEQ(X,SUM(Yy,2) - C(y.2)].

For disconnected regions, we might define a “separation-number”: the number of
maximal connected parts it divides into (upper-case italics here stand for
variables ranging over the natural numbers):

SEPNUM,1) =, CON(X),
SEPNUMEN+1) =
0y, ZEQ(x, SUM(y,2)) 0 DC(y,2) 0 CON(y) 0 SEPNUMEN)]

However, this definition requires at least part of arithmetic (addition of the
natural numbers) to be addedractheory. We do not need arithmetic axioms
suficient to support multiplication; axioms for addition only, so-called “Pres-
burger arithmetic” (Harel 1987:179-180)fBae. These also allow us to state
that one number is at least as large as another. Alternatively, and staying within
RcCC, we could avoid the need for any arithmetic axioms, defining a succession
of as many predicates as we require, as follows:

SEPNUM2§) =,.0Y.ZEQ(X,SUM(y,2)) O DC(y,2 U CON(y) 0 CON(@@)],
SEPNUM3K) =4 O y4dEQ(XSUM(y,2) O DC(y,z 0O CON(y) O
SEPNUM2@)]

. concluding with a predicate SEPMANY, which applies to all regions with
more than some fixed number of separate parts. However, we will see that
avoiding explicit arithmetic has drawbacks.

If the universal region U is the one-dimensional counterpart of the sphere
(the circle, SY), regions other than U caonly differ topologically in their
number of MAX-Ps (maximal CON components), as illustrated in Figure 2.

If U is more than one-dimensional, however, this is only the first stage in
a topological taxonomy of regions. Figure 3 shows CON, SEPNUM2, and
SEPNUMS spherical regions: the simplest possible example of each at the top,
a more complicated example of each below. This figure uses a representational
format which is re-used several times: a spherical region is shown as a distinc-
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Figure 2. One-dimensional CON, SEPNUM2 and SEPNUM3 regions

SEPNUM2 SEPNUM3

Figure 3. CON, SEPNUM2 and SEPNUMS regions

tively shaded part of a disc, which represents the visible hemisphere of a
spherical surface.

Assuming the universal region U to be a spherical surface, we can capture
the intuitive concept of interior-connectedness in twdfedtent ways. The
simpler approach in terms of the complexityritc definitions is to say that any
non-tangential proper part of an interior-connected region is partcohaected
non-tangential proper part of that region:

INTCON(X) =4 OYINTPPE,X) — [{CON@) O P,2) ONTPPEX)]I.
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Just as SEPNUM was defined from CON, we can define INTSEPNUM, associat-
ing a region with the number of its maximal interior-connected parts.
INTSEPNUM can be applied to both connected and disconnected regions: the
INTSEPNUM of the latter being the sum of the INTSEPNUMs of its maximal
connected parts. The left part of Figure 4 shows a connected region with three
interior-connected subregions: pairs of these meetfidrdnt numbers of points.

The right shows a region with three connected subregions, themselves composed
of one, two and three interior-connected parts.

[J Subregions x1 and x2 meet
(O Subregions x1 and x3 meet
O Subregions x2 and x3 meet

Region with 3 maximal CON subregion
6 maximal INTCON subregions

Figure 4. Spherical CON and INTCON subregions

In the spherical case, INTCON regions will coincide with those we will call
“line-connected” (LINECON): these are connected, and cannot be divided into
two parts linked only at isolated points. Defining line-connectednesscin
terms is more complicated than defining INTCON: we first need some intermedi-
ate terms. MAX-PX,y) means thatx is a maximal connected part (we will
sometimes say simply “component”) pf

MAX-P(xy) =4 CONK) O Py) =0 Z[PPk,2) O P(zy) O CON(@)].

Next, we define the predicate SBNUMY) (“Regionsx andy do not overlap,
and share exactly one boundary”):
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SBNUM1(x,y) =4 EC(xy) 00 4PP@Ex) O DC(DIFF(x,2),y) 0 CON@] O
=[0ZPPEx) 0 DC(DIFF(x,2),y) O SEPNUM2@) (11 wMAX-P(w,2)
- ECWwWII.

The relation SBNUM2{y) (“Regionsx andy do not overlap, and share exactly
two boundaries”) will also be needed, and so is defined here:

SBNUM2(x,y) = 4 EC(xy) O
(H{PPEx) 0 DC(DIFF(x,2),y) O SEPNUM2g) 00 wMAX-P(w,2)
- ECw,y)]] O
=04PP(x) 0 DC(DIFF(x,2),y) O SEPNUM3g) (11 wMAX-P(w,2)
- ECWw,W)]].

Line-connectedness can now be defined:
LINECON(X) =4t CON(X) 0 y,EQ(X,SUM(y,2)) O EC(y,2 —
uvwP(wy) O SBNUM1Ww,2) O Puw) O Pvw) O DC(u,v) O
C(u,2 OCv,2]].
This ensures thaw is a part ofy having a single boundary with but with two

disconnected subparts of its own that both tomcthis is impossible ify andz
share only isolated points.

Both INTCOM and LINECON
X
-_ T
y 2
Neither INTCON nor LINECON

Figure 5. INTCON and LINECON in two dimensions

On the left of Figure 5, it is clear that the upper region meets the INTCON
definition, while the lower picture shows a choice of NTPP which is not part of
a CON NTPP. On the right, the same pair of regions are used to illustrate the
LINECON definition; it should be clear that no choice of a parbf y in the
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lower region would allow subparts andv to be chosen to meet the conditions
required.

Note that in one dimensional modelsrdEc no region is line-connected. In
three dimensions, some but not all line-connected regions are also surface-
connected: i.e., the parts of any two-part division share at leassarigce as
illustrated in Figure 6. Only these would be INTCON.

INTCON LINECON, not INTCON CON not INTCON not LINECON

Figure 6. Three kinds of CON three-dimensional regions

Taxonomy of spherical regions

We can distinguish two kinds of topological property which a region may have:
extrinsic andintrinsic. The former, but not the latter, depend on how the region
is embedded in some containing space — in the current context, generally the
sphere. INTCON is an extrinsic property, while LINECON is an intrinsic one
(however, since interior-connected and line-connected regions coincide on a
sphere, we can use them interchangeably in our classification). In point-set
topological terms, two regions are intrinsicallyfférent if there is ndhomeo-
morphism(one-to-one continuous function with a continuous inverse) between
the points of the two. The distinction is illustrated in Figure 7. The region at the
top left is intrinsically dfferent from the other three, which are homeomorphic.
(In all but the upper left subfigure, the two maximal INTCON subregions that
touch each other both have an interior “hole”; in the upper left subfigure, only
one of the pair does.) Note that the regions in the two lower subfigures can be
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continuously transformed into each other on the surface of a sphere, but not into
the somewhat lighter-shaded region at top right, even though they are homeo-
morphic to it. There is thus no topologicalfiéirence between the regions shown

in the two lower subfigures, an extrinsic topologicaffelience between these
and the region in the top right subfigure, and an intrinsic topologidéreéince
between the region in the top left subfigure and the other three.

\\\\\\\\\\\\\\§
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Intrinsi _.e*“—-________ Extrinsic
ntrinsic _..---
mmmemmTT difference
difference
No
topological
difference

Figure 7. Spherical regions: Intrinsic and extrinsi¢/féirences

Classifying spherical regions first by their intrinsic topology, and only using
differences in the extrinsic topology to distinguish regions with the same
intrinsic topology, has the advantage that the intrinsic classification used in the
spherical case can be used almost without change for finite regions of the plane:
the only diference being that the entire sphere has no corresponding finite
planar region.

What do we need to add to the existirgC axioms to specify that the
universal region U is a topological sphere, given the assumption that it is a
locally Euclidean space? We can actually go a long way towards this using the
identity between interior-connected and line-connected spherical regions. If we
assert that:

Axiom (9) O X[INTCON(x) = LINECON(X)],

we rule out all possible Us of one dimension (where any line-segment is interior-
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connected but no region is line-connected), or of more than two dimensions
(where there will be line-connected regions that are not interior-connected).
Having ruled out all but two-dimensional Us, we can then specify that U is
simply-connected. The usual definition of “simply-connected” is that any simple
closed curve embedded in a simply-connected region of any dimensionality can
be continuously shrunk to a point within that region without any part of it at any
time crossing the region’s boundaries. We shall make informal use of this below.
Another characterisation of a simply-connected region (applicable only to the
two-dimensional case) stipulates that a cut through it which forms a closed curve
or joins two boundary points will necessarily disconnecritC does not allow
us to refer explicitly to entities of lower dimensionality than regions, so we have
to adopt a slightly dferent approach: a connected region is simply-connected if
and only if there is no way of dividing it into two connected parts sharing two
separate boundaries:

SCONK) =,; CONK) OO0 yZEQ(SUM(y,2).X) O SBNUM2(,2) —
~(CON(y) 0 CON@)].

If we now added:
SCON(V)

as an axiom, it would rule out all surfaces other than the sphere, the disc, the
plane, the topological half-plane, and some surfaces produced by attaching two
or more such half-planes to a disc. However, we can rule atluthe two-
dimensional alternatives to the sphere by insisting that the complement of any
simply-connected and interior-connected region is itself always a simply-connect-
ed and interior-connected region:

Axiom (10) 0 [SCON) 0 INTCON(X) 0 PP&,U) — SCON(COMPLK))
0 INTCON(COMPLK))].

The only such region in the spherical case (other than the sphere itself) is the
disc, the complement of which is again a disc. In all the other two-dimensional
cases, removing a disc can be done in such a way that the complement is non-
SCON. (Note that axiom (10) would not rule out, for example, the circle, or the
three-dimensional and higher analogues of the circle and sphere, so axiom (9) is
still required.)

To take the classification of spherical regions forward, a further distinction
between two types of spherical interior-connected regions is needed. Figure 8
illustrates this distinction, and the way it cuts across the distinction between
SCON and non-SCON regions. The two regions at the right are not interior-
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connected: each consists of two parts which are joined only at a point. The
regions at the left and centre are all interior-connected but that in the centre is
not what we will callwell-connectedor WELLCON: its boundary includes an
anomalous point, where two otherwise locally disconnected parts of the region
touch. (Note that this region, like that on its right, has only one boundary, as one
can get from any boundary-point to any other without going through the interior;
but this boundary is not a simple closed curve.)

WELLCON INTCON, not WELLCON Not INTCON

SCON

Not SCON

Figure 8. Five types of CON spherical regions

In the two-dimensional case we can define well-connectedness thus:

WELLCON(X) =, Oy[P(y,X) 0 SCON§) [+ INTCON(y) —
[{P(y,2) 0 P@zx) 0 SCONE O INTCON@)]]

(a region is well-connected if every simply-connected but not interior-connected
part of it is also part of some simply-connectaul interior-connected part of it).
If a finite two-dimensional region is well-connected, all its boundaries (if any)
will be simple closed curves, and the region will be a locally Euclidean space.
The definition would not do for a three-dimensional model, if we wanted all a
three-dimensional well-connected region’s boundaries to be two-dimensional
manifolds without anomalous points where sheets of surface meet.

We now appear to have six categories into which connected spherical
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regions can fall: a connected region can be simply-connected or not, and it can
be well-connected, interior-connected but not well-connected, or not interior-
connected. However, one of the six is empty: a two-dimensional simply-connect-
ed region that is interior-connected must also be well-connected. The central
region of Figure 8 shows why. A spherical (or planar) region which is interior-
connected but not well-connected must be divisible into two CON parts which
share at least two separate boundaries (at least one of which will be a point), as
shown by the line through the dark region. Such a region cannot therefore be
simply-connected.

The classification of CON spherical regions implicit in Figure 8 can be
extended in a useful way to disconnected regions. A region of which all compo-
nents are SCON will be called ALLSCON, one of which all components are
INTCON will be called ALLINTCON, and one of which all components are
WELLCON, ALLWELLCON. Notice that since a connected region is its own
sole component, SCON regions are also ALLSCON, etc.

The only simply-connected and well-connected spherical regions are the
disc, and the sphere itself. A spherical simply-connected region other than these
must be a collection of discs, each pair either disjoint or sharing a single point,
and with no “cycles” such that disc 1 touches disc 2, disc 2 touches disc 3... disc
n-1 touches dism, and discn touches disc 1.

Spherical and finite planar well-connected regions can be classified simply
by the number of (simple closed curve) boundaries they have. Classification of
spherical and finite planar regions which are interior-connected but not necessari-
ly well-connected is considerably more complicated.

We can begin classifyingll spherical interior-connected regions in the
same way as those that are well-connected, by their number of separate bound-
aries. However, the three interior-connected regions shown in black in Figure 9
have the same number of boundaries (two in each case), but are intrinsically
distinct. We need to be able to characterise the individual boundaries.

Classification of interior-connected spherical regions is easier if we realize
that the complement of a INTCON region is always an ALLSCON region, and
vice versa. Consider the first characterisation of a simply-connected region given
above: that any circle embedded in it can be continuously shrunk to a point
within it without any part of it leaving the region. This applies to any ALLSCON
region, since a circle can only lie within a single part. If we consider a non-
ALLSCON region embedded in the sphere, there must be a circle embedded in
it which cannot be so shrunk. Imagine that the non-ALLSCON region covers the
equator, and that the equator itself is such a circle (this can always be ensured by
stretching the region in the right way — a circle embedded in a sphere divides
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Figure 9. Three intrinsically gferent INTCON regions

it into two discs, and these can be made into hemispheres by appropriate
stretching). For the circle to be unshrinkable, part of the COMPL of the non-
ALLSCON region must lie in each hemisphere, and at most, these parts of the
COMPL will connect at a finite number of points (if they connected along a
segment of the equator, the unshrinkable circle would not, as supposed, be
embedded in the non-ALLSCON region). Thus the spherical COMPL of a non-
ALLSCON region must be non-INTCON. Conversely, the complement of an
ALLSCON region in a sphere must be INTCON, as there will be no circle
within the ALLSCON region separating the complement into two parts touching
only at a finite set of points. We can subtract as many disjoint SCON regions as
we please from the sphere, and the remainder will always be INTCON, but as
soon as we subtract a non-SCON region, the remainder will no longer be
INTCON. The constraints of this paragraph are specific to the sphere: they do
not apply to the plane (where the complement of the INTCON but non-
WELLCON region of Figure 8 includes all of the plane outside the region’s
outer rim, and is thus non-SCON); nor to compact surfaces which are non-
simply-connected, such as the torus.

This analysis suggest several ways of classifying spherical interior-connect-
ed regions.

1. Divide such regions into classes according to the number of separate
boundaries they have (their CBNUM, for “complement boundary number”;
the SBNUM of a region and its COMPL).

2. Divide into classes according to their total number of boundabges
(LOBENUM), summed over all boundaries. A “boundary lobe” is a simple
closed curve making up part or all of a boundary. The inner boundaries of
the three regions in Figure 9 have 2, 4 and 4 lobes.

3. Combine (1) and (2), defining a class by both CBNUM and LOBENUM.
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4. Define a class by a CBNUM, a LOBENUM, and a partition of the
LOBENUM into CBNUM parts. (So a region with two boundaries each of
two lobes is distinguished from one with one three-lobe and one one-lobe
boundary. This still fails to distinguish two of the regions of Figure 9.

5. Classifying as finely as possible, put INTCON spherical regionsfiferéint
classes if they have aftitrent collection of boundaries or, equivalently, a
different complement.

As Figure 9 shows, two boundaries of INTCON regions may ltEeint even

if they have the same number of lobes. An interior-connected spherical region
can be given a full description by specifying how many boundaries it has, how
many simple closed curves (“lobes”) make up each boundary, and how these are
joined to each other: the flierent types of boundary with lobes correspond to

the diferent embedded trees withnodes. With embedded trees, we might or
might not classify asymmetric mirror-image pairs as distinct; we need to do so
for boundaries, however, in order to produce a complete topological taxonomy
of spherical regions.

Each of the systems for classifying interior-connected spherical regions
listed above gives rise to a classification of connected regions, in which each
class has a specified number of maximal interior-connected regions belonging to
each of the classes of interior-connected regions. Even if the collection of
interior-connected parts making up a connected region is fully specified, howev-
er, a connected but not interior-connected region has not been fully described.
For example, if the maximal interior-connected sub-regions of a connected region
are simply two discs, the two may have 1, 2, 3... points of contact. With more
complex interior-connected sub-regions, there will also be distinct ways of
sharing a given number of points. Figure 10 shows two regions, each of which
has two interior-connected parts, one with a single, one-lobe boundary, the other
with one one-lobe and one three-lobe boundary (each boundary is traced in a
distinctive way). The two can only be distinguished by considering the order of
points of inter-lobe contact around each boundary lobe. RCC could be used to
make this distinction, but only with fficulty, as it cannot refer directly to
boundary lobes and meeting points. A full descriptioraoy connected spherical
region can be produced by listing all the boundary lobes of every interior-
connected sub-region, numbering all the points around each lobe at which it
meets other lobes, and noting which lobe-number pairs refer to the same points.
This taxonomic scheme cannot be expressed directly witbin

There may be a number of ways of embedding a given collection of
connected sub-regions into a sphere, producing regions thagxariasically
distinct. This is not so if all the components are simply-connected. In this case,
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Figure 10. Two regions gfcult to distinguish

or if there are no more than two components, and all the boundary-lobes of each
component are topologically equivalent, there will be only one possible embed-
ding. In all other cases, there are distinct ways to embed a given collection of
components. There are, however, generally fewer (and never more) such
embeddings in the sphere than in the plane: given a spherical embedding of an
intrinsically-defined region, a distinct planar embedding can be produced from
every topologically distinct class of points in the spherical complement of the
region: simply pierce the sphere at such a point, expand this hole so its edge
surrounds the surface and flatten the surface into the plane. As illustrated in
Figure 11, this may produce obviouslyfidirent results, as shown in Figure 11
(b), or may simply interchange topologically indistinguishable components, as in
the upper pair of possibilities in 11(c).

Constraints between integer-valued properties

Some integer-valued properties of interior-connected spherical regions have
already been defined. There are also useful integer-valued properties of connect-
ed and general spherical regions (SEPNUM and INTSEPNUM have already been
mentioned). Constraints between integer-valued properties cannot be expressed
within rRCC.

We can define the “excess connectivity” or EXCONNUM, as the number of
self-connected parts of a region, disconnected from each other and each sharing
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Figure 11. Mapping spherical regions into the plane

two boundaries with the remainder of the region, that can be removed without
increasing the region’s number of components. For a spherical interior-connected
region (other than the entire sphere, for which both LOBENUM and
EXCONNUM are 0), this will be one less than the LOBENUM. One can also
calculate EXCONNUM for connected but not interior-connected regions. This is
equal to the sum of the EXCONNUMSs of the maximal interior-connected
subregionsplus a contribution from the way in which these components are
connected to each other. This contribution can be calculated by constructing a
“multigraph” in which each interior-connected component is represented by a
vertex, and each connecting point between two such components as an edge. The
contribution from this level of the region’s structure is then the number of edges
that can be removed from this multigraph without disconnecting the remainder.
Finally, the EXCONNUM of a disconnected region is just the arithmetic sum of
the EXCONNUMSs of its maximal connected components.

The number of boundaries (CBNUM) of a connected region is equal to the
sum of the numbers of boundaries of its interior-connected sub-regions, minus
the number of such components, plus one. Clearly, this is so for a connected
region that is also interior-connected. If we consider adding further maximal
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interior-connected sub-regions one at a time, each when added must have exactly
one of its boundaries amalgamated with one of the existing boundaries, maintain-
ing the arithmetic relation. Note that this woumt be the case if U were, for
example, a torus, on which two annuli (an annulus being a disc with a smaller
disc removed from its interior) could share points on both pairs of their bound-
aries, so that the connected but not interior-connected SUM of the two would
have just two boundaries, not three as the spherical formula requires. Again, the
CBNUM of a disconnected region is calculated by summing those of its maximal
connected components.

Some further constraints on integer-valued topological properties of
spherical regions are listed below. Some hold only for regions with particular
properties, others across all regions.

Consider first, constraints on single regions.

1. SEPNUMK) < INTSEPNUMK)

SEPNUMg) < CBNUM(x)

3. LOBENUM(X) < INTSEPNUM) + EXCONNUM(X) (If the region is well-
connected, and inot the whole sphere, equality holds.)

4. CBNUM(X) — SEPNUM{) < EXCONNUM(X) (Again, equality holds if the
region is WELLCON, and is not the whole of the sphere.)

~

Next, consider constraints on regions related by the COMPL function.

5. CBNUM(X) = CBNUM(COMPL(X))
6. INTSEPNUMK) = EXCONNUM(COMPLK))+1
7. If xis CON, then CBNUMX) = SEPNUM(COMPL)).

Note that these could be considered to hold even whisrnthe entire sphere, if
we allowed for the existence of a null region, but constraint (6) would not then
hold if x were the null region. Constraint (6) is illustrated in Figure 12, in which
the eight maximal INTCON subregions of the dark-shaded region are numbered.
Subtracting the seven white regions from its complement leaves that complement
unaffected, but no further regions could be subtracted from it in the same way
without disconnecting it.

Next, constraints on regions related by the SUM function.

8. For SEPNUM, INTSEPNUM, CBNUM and LOBENUM, an upper limit for
SUM(x,y) is the arithmetic sum of the values feandy. If x andy are DC,
these maxima will be achieved. If €f), then the SEPNUM and CBNUM
maxima will not be achieved, while ik andy have some stretch of com-
mon boundary, none of them will be achieved.

9. For EXCONNUM, the same maximum will hold if the boundaries of the
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Figure 12. A connectivity constraint

two regions have no points of contact, and will be achieved if the regions
are DC.

Finally, constraints on regions related by the PROD function.

10. An upper limit on the EXCONNUM of PRORJy) is set by the sum of the
values forx andy.

11. If the boundaries of the two regions have no points of contact, the same
maximum applies for SEPNUM, INTSEPNUM, CBNUM and LOBENUM.

Constraints of these kinds have potential uses in the kinds of topological
reasoning we might expect a human problem-solver to perform: for example,
calculating how many separate parcels of land or boundaries an amalgamation of two
estates might have. They are also of potential use in checkingahsistencyof
spatial databasegcc’s inability to express them is thus a serious drawback.

Conclusions

This paper has discussed an attempt to develop a specialized versionrafcthe
calculus, to deal with the particular domain of “well-behaved” two-dimensional
parts of a spherical surface such as that of the Earth. The three-level hierarchical
structure ofRcc regions (the whole region and its maximal connected and
interior-connected subregions), and some of the numerical relations listed above,
arise as consequences of the bagic axioms. Other features of the classifica-
tion of spherical regions arise from these basic axioms, plus the additional
constraints imposed by taking the universal region to be a sphere. In describing
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the topology of spherical regions, however, it is natural to talk in terms of
numerical constraints, and in terms of the relationships between regions and their
boundary lines and points. Neither is possible within the languagecof We

can conclude — see also (Gotts 1996b) — that the topological aspectads
insuficiently expressive to form the basis of a formalization of non-mathemati-
cal topological reasoning, despite the fact timaic is undecidable (this is
deducible from (Grzegorczyk 1951)). Given this, it is not clear that we would
lose anything by using a more expressive theory, able to refer explicitly to
numerical constraints, and to entities offdient dimensionalities. An alternative

is to seek subsets or simplifications REC which are decidable, sacrificing
expressivity in favour of anféective computational procedure. This alternative

is pursued in Cohn et al (1997:19-24), and in Bennett (1997). In this context,
and given the potential usefulness of constraints between integer-valued proper-
ties of regions, it is worth noting that Presburger arithmetic, which would make
it possible to talk about constraints involving equality, inequality and addition, is
decidable. However, the computational resources required to guarantee proving
the truth or falsity of an arbitrary Presburger arithmetic formula increases
extremely fast as the size of the formula grows (Harel 1987: 179-180).
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Cognitive Mapping in Rats and Humans

The tent-maze, a place learning task in visually
disconnected environments

Marie-Claude Grobéty, Muriel Morand and Francoise Schenk
University of Lausanne

Introduction

The term cognitive map is generally used to describe the mental representations
that people or animals built of their spatial environment and reflect their spatial
knowledge. Although many questions stay opened regarding the formation, the
nature and the substrate of these representations, the concept of cognitive map is
largely used by cognitive psychologist and neuroethologist, because the cognitive
mapping abilities of a subject can be approach through his spatial behaviour and
his ability to solve spatial problems. In the human literature, at minimum a
distinction between three elements of spatial knowledge has been made (Chase
& Chi 1981; Siegel & White 1975): landmarks, route knowledge and survey or
configurational knowledge. This last level is thought to include relational
information about elements that can not be seen simultaneously and allow to
localise places that are not perceptually available. Such places or references
points can then serve in determining one’s position in the environment (Garling
et al. 1986). Whether and how rats and humans can reach this configurational
knowledge of an environment, will be tested here in a place learning task, taking
place in visually disconnected environments.

Coping with visually disconnected environments is part of our everyday
experience. Imagine viewing the arrangement of objects in a room, then walk
into an adjacent room and note how easily you can point at the first room’s
features, which are then out of view. Upon moving from one bounded region to
the next, we will usually notice the spatial arrangement of the features. As more
of the first region will be occluded from view, a reciprocal amount of the
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following area is revealed allowing extracting the relationships between features.
In the case of abrupt or blind transitions, spatial arrangement of the features
detected within dferent regions can be linked through path integration processes
i.e., the analyses of the proprioceptive information generated by the movements
of the observer (Rieser et al. 1986; Etienne et al. 1995; Gallistel 1990; Kayton
1990). This co-ordination of piecemeal information leads to configurational
representations of the environment which is regarded as the end product of the
processes involved in environmental learning (Downs and Stea 1973; Siegel and
White 1975). Configurational knowledge provides the opportunity to infer spatial
relationships among previously unrelated locations and is therefore important for
negotiating new routes and detours (Tolman 1948; Lockman 1984; Siegel et al.
1978).

In humans, configurational knowledge is usually tested by examining the
performances of the subjects in complex direction or distance estimation tasks,
or by the evaluation of their map drawing production (Kirasic et al. 1984;
Moeser 1988; Herman et al. 1986). Pointing procedures can be even used at an
early age (Herman 1980; Herman et al. 1987; Rider & Rieser 1988; Pick &
Rieser 1982) but the use of map drawing studies and complex direction or
distance estimation tasks is limited, particularly with children. Of course, human
paradigms do not suit animals; however, some animal paradigms can be adapted
to humans allowing us interesting comparisons. The main advantage of such
transposition is that animal paradigms are independent of verbal instruction,
verbal production, drawing production etc. Therefore they can be used undistinct-
ively with young or old subjects, normal or deficient.

In animals, the discovery of hippocampal place cells by O’Keefe and
Dostrovsky (1971) and the idea that a place cell, firing in a specific region of a
familiar environment, participates in the neural substrate of cognitive mapping
(O’Keefe & Nadel 1978), burst out the interest for spatial cognitive mapping
tasks. Since then, spatial tasks and in particular place learning tasks have taken
a major place in neurocognitive sciences as they create an extremely fruitful
approach to the study of the biological substrate of cognition. As the number of
anatomical structures and neurochemical systems known to be involved in place
navigation multiplies, it becomes increasingly important that we understand the
exact nature of the competencies exhibited by animals (including humans).
Therefore, more sophisticated place learning tests or better controlled testing
procedures should be used.

Spatial knowledge in animals is often assessed through the expression of
spatial searching behaviour in place learning tasks such as the Morris water
maze, the Homing board task, etc. (Morris 1984; Schenk 1989). However,
classically, these experimental situations do not imply necessarily the use of a
cognitive mapping strategy. In these classical tasks, animals move in open arenas
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from which a complete view of the environment is permanently available. Like
humans, animals can often solved spatial tasks with one or a combination of
simpler strategies, e.g. taxis strategies (moving along a specific cue gradient),
route strategies (following a specific learned sequence of movements or taxis)
snapshot memory (memorised view of the surrounding of a place) etc. Because
the use of diferent strategies could lead to apparently similar searching behav-
iour or same level of spatialfitciency in raw place learning tests confusing or
contradictory results are often found in the literature (see a discussion in Schenk
et al. 1997)

In the search of an experimental test that would necessarily require the use
of a high level of spatial cognition (i.e. a configurational representation of space),
we developed a new place learning task in visually disconnected environments,
adaptable for both rats and humans: the tent-maze.

For rats, the principle of this task was to locate a specific goal place (escape
hole) in a white homogenous circular arena surrounded by curtains. No local
cues (visual, auditory or olfactory) were available inside this arena, apart from
the shape of the enclosure itself. Access to a surrounding visually rich environ-
ment was possible through small doors. Subjects were allowed to move freely
from the outside environment to the inside one and vice versa, to connect the
two environments and to develop a configurational knowledge of them. The goal
could not simply be identified on the basis of a specific view (snapshot) or taxis
due to the visually homogenous aspect of the arena. Selecting new entrance
directions for probe trials allowed eliminating the use of route strategies. These
conditions ensured the use of cognitive mapping to solve the task.

Curtains have often been used by several authors to enclose a test arena, but
they were used to create a so-called “cue-controlled environment” inside the
curtains and to dissociate it from the surrounding laboratory (see for ex. O’Keefe
and Speakman 1987). Most often, the orientation of the cue-controlled environ-
ment relative to the experimental room was unpredictable due to inter-trial
rotations. In some experiments, subjects were even disoriented before being
placed in to the controlled environment, to insure a more complete dependency
upon the controlled environment. In our experiments, on the contrary, curtains
could be crossed freely by the subjects to link the external visually rich world
with the cueless test enclosure. Therefore, the rats could theoretically orient
themselves in the blind enclosure on the basis of an association of the memorised
room features (no longer visible once inside the arena) and the integration of
their own movements.

A similar design was developed for human subjects. A circular arena,
circumscribed by curtains and deprived of cues, apart from its own geometry,
was used. The arena was located in a building hall. The subjects had to enter the
homogenous enclosure through blind doors frolfifiedént directions to locate a
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goal card (fixed position in space) among hundred of others.

As rats and humans are confronted in their natural habitat with such
disconnected environments we can assume that both species could solved a task
like our tent-maze. The experiments presented here will focus on the following
guestions: How rapidly and spontaneously does a spatial search hypothesis
appear in the tent-maze? How does the number, the stability and the shape of the
paths between the inside arena and the surrounding environment (all factors
influencing the complexity of path integration informatioffijegt the acquisition
of the task?

Ratsin visually disconnected environments

All experiments were based on the following principles. Rats had to find a goal
(escape hole or baited box) whose location was fixed in space. The environment
was divided into two concentric areas. (1) A central circular or square area was
delimited by curtains, and was visually homogeneous. Four possible escape
holes, covered by lids, were distributed regularly on the arena surface. Only one
of them was connected to the animal cage. Olfactory cues in the inside arena
were controlled by rotation of the substrate of the inside arena between trials.
The correct hole was only identifiable by its fixed spatial position. The enclosed
area was accessible only through doors or barriers of thick fringe curtains. (2)
Surrounding this central arena was a circular platform giving access to the rich
and well-diferentiated visuospatial cues of the experimental room. It was
assumed that free exploration of this environment from the platform around the
enclosed arena would providefSadient orientation information to allow rats to
orient themselves in the inside enclosure. Number of trials and special probe tests
are detailed in each of the following sections (for more details see also Schenk
et al. 1995; and Schenk et al. 1997).

Several variations of the general design were tested with rats. Design
variations focused on the importance of the type of connections permitted
between the inside arena and the outside environment and on the role that they
may play in facilitating the elaboration of configurational relationships between
the two environments. The following specific questions were addressed: (1) is
place learning facilitated when only a few predetermined entrances are available?
(2) Does a fixed entrance position assist in structuring the inside environment?
(3) Will the shape of the entrance paths influence the path integraficieacy
of the studied subjects?
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Random access paths ver sus structured, predetermined entrances

Access into the internal arena was either restricted through 4 orthogonally placed
doors @-door condition), or it was not predeterminedrée access through
“fringes” ). In the latter case, a circular curtain extended by tight fringes (10 cm)
touching the ground circumscribed the internal arena. Rats could not see through
the fringes but could pass through and make their way in and out at any point.
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Training consisted of trials during which the rats learned how to leave the central
arena through one hole out of four, allowing escape into the subject’s home cage.
After several training sessions (3 days, 4 trials per day), knowledge regarding the
goal position was assessed during a first probe trial. For the probe test, all holes
were equivalent and none were connected to the home cage. The subjects’
knowledge of the spatial position of the goal place was evaluated as a function
of the time spent searching in the four hole areas. Further training trials and a
second probe tests were then run.

The discrimination of the goal was optimal in tAedoor condition indicat-
ing that rats can learn a place on the basis of the interaction between the
collection of piecemeal information memorised from the outside arena and path
integration information. In thefree access through “fringes”condition, the
discrimination of the goal was less clearly marked in the first probe test (Fig-
ure 1). However, rats in thigee access through “fringestondition required only
more time to learn the task and demonstrated good place learning performance
in the second probe trial (1 day later). In addition, rats originally trained with
four doors were notféected when having to locate the hole in the free access
condition (second probe trial, group 2, Figure 1). Zhdoor conditionimplies
repeated use of the same entrances and a lower variability in the paths leading to
the goal, facilitating route learning. Therefore, this design inherently simplifies
the collection and the integration of path integration and visual information. The
repeated use of only four orthogonal entrances helped anchor the inner arena into
a representation of the room environment but these predetermined entrances were
no longer necessary after this learning phase. The experimental condition
minimising the complexity of the path integration information was the least
difficult for the rats. This underlines the importance of the path integration
process in these tasks and more generally its essential role in successful place
learning. By constantly keeping track of one’s own movements through space,
path integration allows one first to integrate directions and distances between
features and to build configurational knowledge of the environment. But it is also
essential to orient and guide one’s path to a memorised goal location.

New ver susfamiliar entrance direction, zigzag versus direct doors

In the above two designs, rats could have implemented a simplified strategy to
locate the goal. They could have defined a preferred entrance point and memor-
ised only the relative position of the goal from this access point (route learning).

Although we did not observe such stereotyped behaviour, a testing procedure that
would exclude the use of such a strategy was utilised in a second series of
experiments. In a squared four-door arena, 3 of the doors served as frequent
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access doors during training f@miliar doors’). The fourth door was only
accessible twice during trainingr(ew doof). Two types of access doors were
used: (1) Direct doors were simple fringed openings in the arena wall,
allowing straight entrance in the enclosed arena. @pZag door$ allowed
access via Z shaped alleys with a section parallel to the arena walls (Figure 2).

Surprisingly, in the tlirect doof’ condition, probe trials with access through
any of the familiar doors indicated a weak discrimination of the training position,
whereas probe trials via the new door indicated a more significant discrimination
of the training position. In the Zigzag doot condition, rats demonstrated a
significant spatial discrimination in probe trials when access into the homogenous
arena took place through one of the three familiar doors. In this condition,
however, a transfer probe trial with access via thew doot indicated a poor
discrimination of the training position. Rats indeed demonstrated a strange search
pattern focus around the new entrance door.

Therefore, rats in the easiest test situatiogiré€ct and familiaf door) and
in the most complex one £fgzag and unfamilid) performed less ficiently
than in the intermediate conditionsdffect and unfamiliat or “zigzag and
familiar”). This may suggest that an aspecific and of course non-controlled
arousal level fiect the expression of a spatial bias during probe trials. The
novelty of the access path for the probe test seemed to influence positively the
level of arousal in the direct doors condition focusing activity around the correct
goal position. A novel entrance door in the zigzag condition either make the task
too difficult or the new door too attractive in itself that it disrupted searching
behaviour. Unfortunately we can not eliminate at this point a disorientation of the
subjects. However, the strange search pattern of the animals, focused around the
entrance area instead of the escape holes, suggest more a strong attractiveness of
the new entrance alley than pure disorientation. Novelty is known to induce re-
exploration (see Thinus-Blanc et al. 1998 for a review) This re-exploration burst
may be more apparent when the subjects clearly have some objects or points to
focus on with their re-exploratory behaviour. More often however, novelty
increases the general level of activity due to a shift in the priority between the
achievement of the task and curiosity or fear. Negative results of several
experiments on cognitive mapping may be partially due to this shifting factor
(Sutherland et al. 1987; Benhamou 1996). As we will see in the following
experiments, human subjects will also react strongly to the novelty of an entrance.

This series of experiments, however, clearly indicate that at least in the
direct entrance condition, rats do not need to rely upon familiar access and that
therefore they are able to identify a place in the visually homogeneous arena of
the tent-maze without relying on route strategies. According to our hypothesis,
this suggests that they were able to build and use a configurational knowledge of
the visually disconnected environments.
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Figure 2. Experimental set-up and time spent by the rats in the four sectors following access
to the arena via a new door

Human subjectsin a visually disconnected arena

Standardised spatial tests in cue controlled environments are not very often
encountered in the spatial literature concerning human adults. Neuropsychologists
and neurologists working with patients fiering from spatial disorientation
mainly use visuospatial psychometric tests (Beaumont 1998) or tests of general
culturo-spatial knowledge. However, the demand for the development of
standardised procedures for testing spatial orientation and place learning capaci-
ties in a real space of movement is evident (see for example Van der Linden &
Meuleman 1998).

We have already seen that the tent maze test we developed for rats is
ecologically relevant for humans, as building complex representations of
disconnected environments is a common problem of everyday life. But would
such laboratory procedure really be adequate for humans? Would human subjects
develop configurational knowledge in such environment? If so, how quickly?
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Without or with verbal instructions? Would new entrance directions and complex
entrance pathsfiiect human performance? Is this task relevant to distinguish
between subjects favouring spatial or non-spatial strategies?

Familiar ver sus new access conditions

Our first human version of the test consisted of an enclosed octagonal arena
(3.5m diam.) with eight possible blind entrance doors. The arena, completely
homogenous from the inside, was situated in the main hall of a building, an
external environment rich in visuospatial information. The assigned task was to
find a goal, a textual “well done” sign written under a white plastic disc or card.
The goal disc was placed on the arena floor among other identical ones. It could
be discriminated from other discs only by its position in space.

Forty-nine adult subjects (from both sexes, ranging from 16-50 years old),
divided into four groups, were tested according to the following procedure (see
Figure 3). During the first two training trials only four white discs (the goal and
3 others in symmetrical positions) were present in the arena. Subjects were first
conducted to a blind entrance door (E1). Once there, they were instructed to
enter the arena, to explore it and to look at the objects within it and when they
would be finished, to get out throughout any door. This was the only verbal
instruction for the all experiment, excepted for the A+ and B+ group (see below).
A second training trial was allowed, this time using E2 entrance. Subsequent to
this learning phase, an initial test was run with 60 identical discs on the floor of
the arena. The goal disc was of course located at the same position as during the
learning phase. The entrance door for this test was either an already used one
(“familiar” (door E1, group A)) or a new one ifew door (group B)). Prior to
entering the arena, some of the subjects of each group were given the instruction:
“the object is at the same place as before” (A+ and B+ instruction Group).
Training was prolonged by two trials using the first two entrance doors (E1 and
E2). A second test was then conducted with 120 discs on the arena floor. For all
groups, a new entrance door and no verbal instructions were used. This time, in
order to assess to what extent subjects would focus their search around the
correct baited place, no “well done” card was present (similar to the rats
procedure in the probe trials, when no escape hole was connected to the cage).

Searching strategies are not necessarily spatial

Interestingly, a group of 7 subjects (6 males and 1 female) among those tested
without verbal instruction (Groups A and B) developed no spatial hypothesis at
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HUMAN SET-UP
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Trials 4 and 5 TEST 2

Figure 3. Human set-up and testing procedure (see text)

all. Through the course of the 6 tests, this group of subjects were not aware that
the goal was always at the same place (and were even surprised when informed
s0). They behaved in a systematic manner in each trial; opening the discs one
after another, row after row. Were these systematic subjects unable to build a
cognitive map of the environment or did they enter in the test witla @niori

non-spatial search hypothesis? Unfortunately these first series of subjects were
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not further tested. The subjects with a systematic search pattern were removed
from their respective groups for the following analyses.
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Figure 4. Position of the first disc returned by the subjects during test 1 (group A, N= 10;
group B, N=13; group A+, N=10; group B+ N=9). The grey square represents the position
of the goal (centre) and the 8 discs around it. The choice of a first disc located inside this
squared area was considered as a hit. The positions of the 3 other initial discs are also
represented.

The increased number of discs present during the test (60 instead of 4 discs)
had no influence on the search strategy and the spatial precision of the subjects
of the group A, A+ and B+. Subjects entering through a familiar door (groups A
and A+) overturned their first disc right in the goal area. In contrast, seven out
of the 13 subjects entering through a new door (Group B) were disoriented. The
first discs overturned by these subjects were situated in the proximity of the
entrance point. On the other hand, subjects of the B + instruction Group, also
entering via a new door, were well oriented toward the goal spot, as shown in
Figure 4.
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None of the B+ instruction subjects were disoriented by the use of a new
entrance door. However, the verbal instruction given to the B+ group subjects
right before the test contained in itself no spatial information (i.e., no information
was imparted regarding location and/or where to seek) but rather underlined the
search strategy to apply (i.e., a spatial strategy). The behaviour of the B+
subjects revealed that they relied on a configurational type of representation of
the arena. Their ficiency in re-orienting and locating the goal via a new
entrance was almost immediate, although prior experience of the arena was brief
(Figure 5a).

Entering through a new door was not disorienting in itself. But for half of
the subjects of the group B, this novel direction of entrance combined with the
absence of instruction wasffigient to invalidate spatial search strategy. Instead,
they focused their attention on the entrance area, beginning their search sequenc-
es as in a new task or as in an unknown environment. The higher number of
discs in this test could also have contributed to the impression of novelty
however in itself it was not dficient to disturb the subjects of the other groups.

During Test 2, wherein no “well done” sign could be found, subjects in
Group B demonstrated a weakly focused search around the goal. It appeared that
having doubted, at one point during test 1, that the bait was always at the same
place, they became more prone to start searching in a spatially dispersed manner
(Figure 5b).

In summary, half of the subjects entering through a new access door,
without any clear verbal instructions that they could rely on a spatial search
strategy, developed a non-spatial search hypothesis. Like the subjects of the B+
group, they were certainly able to memorise the spatial representation of the set
up and the dterent door positions but they did not use it spontaneously to
locate the goal, because of the apparent novelty of the test situation. One can
only observe with interest the similarities between the results of the human
subjects in groups A and B and the rats in the familiar or new zigzag doors
conditions. The verbal instructions used with the human subjects of the B+ group
were fortunately able to disentangle the influence of novelty (on arousal level
and on search strategy) from real spatial disorientation.

Influence of direct versus zigzag entrance door s

A second series of experiments was run with human subjects. This design was
chosen to replicate the zigzag alley entrances used with the rats. A double wall
of curtains that created a blind circular alley of 80cm wide surrounded a
hexagonal enclosed arena. The subjects, guided by the experimenter, would enter
from one direction in the blind alley, then turn around the arena between the
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Figure 5. (A) Mean number of discs opened to find the baited one. (B) Number of discs
overturned in an area around the goal in Test 2.

curtained walls, to finally enter into the arena from another direction. Of course
for humans the amplitude of the deviation from straight entrance direction was
higher than for rats. Two turn conditions were chosen, subjects could turn around
the peripheric arena with full access to visual cues all along the way, or turn
inside the blind alley with no vision of the visually rich environment during the
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turn. Amplitude of the turns were varied from 2f8round the peripheral arena
(“12C around”) to 240° around (240 around”) or 240° in the blind alley
(“240C blind alley’).

Forty-two subjects were tested. The general set-up was similar to the
previous one with 3 exceptions: the shape of the arena (hexagonal instead of
octagonal), the presence of the surrounding blind alley and the number of white
discs used during the test (n=120). After two training trials, the subjects were
divided into 3 groups according to the type of entrance usé@Q“around,

“240° around” or “ 240 blind alley’). All subjects, whatever their turn amplitude
in the blind alley, entered in the arena through the same new door.

As in the first experiments, one subject with a systematic search pattern was
removed from the following results.

This test was more flicult than the previous one. The percentage of the
subject overturning a disc in the hit zone (one discs around the goal) was
respectively: 69% (20 around”), 46% (“24C around”) and 71% (‘240 blind
alley”). Fifty percent of all the subjects did not find the goal in the first 10
overturned discs. To take into account the performance of these subjects, we
calculated for all groups the mean proportion of the first ten overturned discs per
sector (4 sectors). If a subject had found the goal in less than ten discs, then its
mean proportion of discs overturned by sectors was calculated on all its opened
discs. Subjects of the group4.2C® around” and “24C blind alley’ entrance
significantly focused their search behaviour on the correct sector (Figure 6).
Subjects from the third group 240 around”) did not significantly identify the
correct sector and showed the least success of goal retrieval. Theoretically, the
240 path around the arena, allowing full access to the visually rich environment
during the rotation, should have been less disorienting than the 4@ one.
However, the results showed the reverse tendency.
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Figure 6. Mean proportion of white discs overturned per subject in each sector for the first
ten discs. This proportion reflects how much subjects focused on the goal sector during their
search.

A fourth group of subjects using the same procedure as24& ‘around”
with the exception of verbal instruction “the goal is at the same place as before
(“24C around+ instructions’) was run. Here again, similar to the first series of
experiments, this simple instruction, given prior to the start of the test, was
suficient to improve the results of the subjects and 70% of them hit the goal
zone during their first choice. These subjects were not disoriented by the 240
turn and focused their search in the correct sector.
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Verbal instructions and arousal level

Similar to the results of the rats’ experiments, arousal level appeared to interfere
with the production of the correct spatial behaviour. When the task condition was
simple, the search was spatially oriented. When tlfigcdity of the task slightly
increased but not enough to arouse the attention level, path integration informa-
tion was not taken fully into account and the spatifficeency reverted to a
random search. However, if the task became clearfficdit, attention was
increased and spatial performance was good again. An assumption could be made
that a further increase of the taskftiulty would eventually cause the spatial
performance to deteriorate. The 24furn in the blind alley is of a dficient

length to challenge the subjects but not enough to disorient them. Subjects
reported feeling progressively stressed and disoriented when moving in the blind
alley and therefore tried to be more attentive to their movements. This factor was
suficient to improve their performances. It is however important to note that in
this “240C blind alley’ group both the best performance (the highest number of
goals found at the first opened discs) and the worst (the highest number of goals
not found in a 90-sec. search) were found. This may reflect the variability of
individual spatial competencies and strategies, each subject being challenged by
the dificulty of the task.

Self-evaluated spatial capabilitiesin everyday life and spatial efficiency in the
tent-maze

Was the performance of the subjects in the tent-maze related to their spatial
capabilities in everyday life? To approach this question, we regrouped the results
of 51 subjects of the last experiment (acrosfedent testing procedures) and
compared their performance in the maze with their self-evaluation of their spatial
capabilities. The subject’s spatial capabilities in everyday life were self-evaluated
in a questionnaire filled out before the test of the tent maze. Questions are
summarised in Figure 7. Subjects could answer on a 4-point scale. Their
performances in the tent-maze were expressed in terms of distance of the first
overturned discs to the position of the goal and were regrouped in three classes
according to their spatial precision (1=0 to 1 disc away from the goal, 2=2
discs away, 3 =3 and more discs away). The Anova with repeated factors ran on
this measure of performances and the scores of each question per subject showed
a significant diference between groups (F (2,49)=3.625; p=0.035). The most
efficient subjects in the tent-maze self-evaluated their orientation capabilities as
higher than did the less spatiallyfieient group (distance of the first overturned
discs 3 or more).
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Figure 7. Self evaluation of wayfinding performances (4 point scale)
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Interestingly, in terms of performance, we did not observe arfferdince
between men and women in the tent-maze. However, women in self-evaluating
their spatial capabilities in everyday life rated their spatial orientation capabilities
lower than the men did (Anova: F (1,47)=7.108, p=0.01). These results are
consistent with previous studies showing genddfedénces in spatial anxiety
and self-confidence (Schmitz 1997), but do not confirm gend&erdnces in
spatial dficiency (see for ex: Lawton 1994; Lawton 1996; Linn & Petersen
1985; etc.).

In general, the tests developed in the tent-maze were not at all trivial for the
human subjects and challenged most of them, creating stimulating experimental
conditions. The results showed that most of the human subjects do not require
extended training to obtain and use a configurational knowledge of the environ-
ment, even in such controlled laboratory settings. Our results in these two series
of tests demonstrated the validity of such a testing procedure for human and its
possible use for descriptions of individual spatial competencies and strategy
preferences. The fact thaffieiency in the tent-maze and self-evaluation of
spatial orientation capacities tend to correlate, reinforced the validity of this test
for spatial orientation studies and encourage us to continue to further develop it.

Conclusion

The experiments presented here shed some light on the controversy about the
existence of cognitive maps in animals (Bennet 1996; Poucet & Benhamou
1997). The place learning tests in the tent-maze presented here meet the opera-
tionally defined conditions for the demonstration of a configurational representa-
tion of the environment (no specific snapshot memory, capacity for detours and
new routes). Rats, like human subjects demonstrated their capability to orient in
a homogenous arena through interconnections with a surrounding varied environ-
ment. More specifically, they were able to identify a specific location on the
basis of the collection of path integration information and piecemeal visual
information obtained from the surrounding environment. The use of a new
entrance door not yet experienced and hypothetically not yet coded on the
representation of the environment disrupted the rats’accuracy in the most
complex tested designs only, but alsfieated human performance in some
conditions. Rats, as well as humans, were however able to develop new routes
to the goal when tested in appropriate conditions (respectivelyett doors

new entrance for rats and new entrarcestruction for human). In the first
experiment, when human subjects were tested without verbal instructions, a new
entrance direction seemed to reset the searching hypothesis, leading to what is
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classically interpreted as a misoriented or random search pattern. However, as
demonstrated by the groups + instruction, the indication that space was the
reference to follow (“the goal is at the same place as before”), wiicisnt to

orient human subjects to the correct goal position despite the new entrance
direction. The emergence of a spatial search hypothesis appeared fledieca

in a similar manner in both rats and humans by non-specific factors such as the
degree of novelty of the experimental situation and the general arousal level of

the subjects. It underlines the importance of control trials in which these factors

are varied, particularly when negative results are found in animal studies.

For rats, the multiplicity, variability and shape complexity of the entrance
points, all factors increasing the complexity of the path integration information,
delayed the acquisition of the spatial representation of the inner area. The
observed correlation between the complexity of the path integration information
and the delayed acquisition of optimal orientation performances underlines the
importance of the path integration information to successfully build a configura-
tional type of representation.

For humans too, the complexity of the entrance route influences the
orientation performances of the subjects. But motivation and arousal level also
strongly influence their ficiency in the task. These last factors can however
indirectly be influenced by ffierent verbal instructions given before or during
the test. Comparing the subject’s performances with or withoflierdint types
of instructions in the tent-maze could really help to classify subjects as to the
nature of their spatial strategies and competencies. Such studies would also be
useful to evaluate the exact nature of the spatial deficit of disoriented patients,
completing the classical visuospatial and psychometric test battery. Developing
standardised laboratory spatial tests for humans such as the tent-maze appears to
us as absolutely necessary. Visuospatial tests, test of culturo-spatial knowledge,
or even spatial tests realised in virtual environments or based on slides presenta-
tion, will never be sfficient to study navigation and acquisition of spatial
configurational knowledge as they do not take into account the important role of
path integration information. Path integration information are essential for the
elaboration of a configurational representation of an environment as they allow
to extract direction and distance information between places (Klatzky et al. 1995;
Loomis et al. 1993; Gallistel 1990). Previous spatial studies have already pointed
out not only the importance of path integration information but also the impor-
tance of active movements for top spatial performance (Gibson 1979; Foreman
et al. 1990; McComas et al. 1997). The nature of the deficit of disoriented
patients, the influence of ageing on spatial orientation, etc., should be studied
with appropriate tools that can also report for possible deficits in movement
perception and in the integration of path integration information.

Finally, spatial tests, like the tent-maze, that do not necessitate any verbal
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or drawing ability also have the advantage of being adequate for humans at any
age as well as for animals. They allow comparative approaches, which can only
be beneficial to the understanding of brain mechanisms underlying spatial
cognition of species which, howeverfidirent they are, live in the same environ-
ments and solve similar spatial problems.
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Spatial Cognition Without Spatial Concepts

Arnold Smith
National Research Council, Canada

1. Introduction

The intent of this chapter is to suggest that all of the ways of thinking about
human spatial cognition that loosely adhere to an information-processing
paradigm, whether these are quantitative or qualitative, are based on a set of
assumptions about the nature of language and mind that is incomplete and can be
no more than partially correct. When we examine these assumptions carefully,
we find that they are quite inadequate to explain what is going on. This lack of
adequacy, in turn, is related to the very slow progress (one might even say
‘failure’) of computational language understanding and artificial intelligence more
generally. Spatial cognition is far from being the only domain in which one can
begin to see this, but it is perhaps as good a vantage point as any from which to
develop a sense for the problems.

The core of the argument is that language and conceptual thinking, which
we of course use all the time, constitute a faculty that in humans is superimposed
on a quite diferent mode of knowing and awareness, and that it is the latter, far
more than the former, that we rely on in order to act in and reason about our
physical environment. | will argue that language and its associated concepts are
much too abstract to mediate our direct interaction with the world, and that
language would not work at all, even for communication, without the rich non-
conceptual substrate on which it depends. The implication is that we cannot
directly model the world and its relationships, nor can we mimic human cogni-
tion and its achievements, using concepts rooted in language as a basis for model
construction. What should we be doing instead? Well, that is a long story ... a
story we are still learning to tell.

This chapter represents work in progress. When the author began this
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investigation (into the “visual” interpretation of spatial expressions), he little
expected to find himself exploring a vast unfamiliar terrain. But gradually he
became convinced that if we really want to understand the phenomena at stake,
we have to be prepared to leave familiar assumptions behind.

2. A representational perspective

In the early nineties, a small group of us started working on a project called
Spoken Image (see, e.g. O Nuallain and Smith 1994). In the system we devel-
oped, a user could interact via typed, and later spoken, natural language with a
dynamically-represented three-dimensional world shown visually on the screen.
The user could move around in this simulated world, and make changes to the
world, by speaking English utterances. The goal was to use the 3D world model
to ground the linguistic interpretations, neatly solving a number of traditional
problems in natural language interpretation. | half thought that this might be a
step towards the really intuitive interfaces that the HCI and Al communities have
always dreamed of. On the other hand, this optimism was shadowed by a pretty
strong hunch that this was not really going to be the route to the intuitive
naturalistic speech-understanding computer. Nevertheless, | felt that we needed
a first-hand feel for the problems to help us translate that hunch into something
more articulate.

Sure enough, as we got a certain distance along the way to building such a
system (we got it working pretty well, by some criteria), we began to run into
really hard problems, some of which are enumerated below. From my perspec-
tive, this was the real paybof the research — not the system itself, but the
view it provided of some underlying issues.

Before getting to the unsolved problems, it is worth paying some attention
to the problems thaweresolved. Because of the nature of the system, in which
language interpretation always took place in the context of a view of the world
which was the subject of the discourse, some issues could be handled far more
elegantly than any system based on propositional representation alone could
possibly have done. For example, the so-called “frame problem” did not arise,
for essentially the same reason as it does not arise in the real world: the model
to which linguistic expressions made reference was identical with the actual (in
this case virtual) world being viewed and talked about, so there was no possibili-
ty of model and world getting out of synch. As another example, a user could
say “Put the mailbox in front of the house with the green roof”, and later, having
walked around to the other side of the house, could refer to “the mailbox behind
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the house”. In addition, the continual presence of a viewpoint onto the scene
meant that there was automatically a context that could be used to aid the
interpretation of deixis and other forms of reference. And there were further
benefits.

Nevertheless there were problems that were not so easily solved. Confining
our attention to the interpretation of spatial referring expressions, we can see at
least the following hard problems:

“Put the mailbox (carjn front of the house.”

The interpretation of this kind of sentence requires the system to find a suitable
place to position the mailbox or car. But cars typically go on roads or driveways
— mailboxes typically don’t. Almost all objects should be placed on a support-
ing surface, and objects should never be placed in such a way that they inter-
penetrate each other. A system that pays no attention to such issues looks
ridiculous, and arguably does not successfully understand English. So we see that
the interpretation ofin front of’ seems to depend on complex social conventions
about object type, as well as on many issues of physical simulation. It is possible
of course to wriggle out of this kind of problem by saying that such consider-
ations are not part of theneaningof the phrase, but instead are part of the
felicity conditions for interpretation of the utterance. From a system design
perspective, however, this is not a way out. Unless we can address such prob-
lems, we can’t design a usable system.

Similar considerations lead us to realize that collision detection and path
planning are relevant to spatial expressions involving action verbs, and that many
issues of friction and complex object geometry, for example, are relevant to
prepositions dealing with placement.

Or take an expression such as “Go and stamthe sidewalk and consider
the problem of the system choosing a suitable reference location. In this sen-
tence, we appear to have a generic reference to the category sidewalk, rather than
a reference to a unique or salient sidewalk object (it isn’'t even clear if ‘sidewalk’
is a count noun or a mass noun in this kind of usage). Now in an urban model
there may be many stretches of sidewalk. Yet in a particular context of utterance
such as this, it is not the case that any point on any sidewalk in the city is as
good as any other. A new special kind of felicity condition applies here. The
reader is invited to propose a general rule that governs this case, and to think
about how many other similar rules might be needed for a realistic application.

It is issues such as these that explain why we have been making so little
progress in artificial intelligence generally. We like to think that we are making
incremental progress, and are gradually understanding how to solve the myriad
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problems that arise. But is it not possible that we are deeply on the wrong track?
Are we perhaps missing something crucial?

3. Spatial ‘reasoning’ in thereal world

Let us return to spatial reasoning in particular. Think about our real interaction
with physical environments. Imagine what it feels like to find your way through
an unfamiliar forest, to run across a rock-strewn landscape, to pilot a white-water
canoe down a swiftly-running river, to figure out a way to climb up a steep
mountainside. These are the essential tasks of navigation through the environ-
ment, the essence of spatial reasoning and cognition. Most of the mental work is
inarticulate, best carried out in a state of relaxed but intense concentration —
with a mind that is mostly quiet, where logical analysis, if carried out at all, is
secondary to intuitive appraisal and the experience of the body. If you're trying
to step across a rushing stream on a series of rocks that look as if they span it,
your decision about whether you can safely leap to that next boulder depends on
many things — the length of leap you're capable of, thifedénce in height of

the surfaces of the rock you're leaping from and the one you’'ll land on, the
texture and wetness of the surfaces, the kind of shoes you're wearing, your
fitness, your fatigue, the consequences of a slip... But all of this is assessed in
a gut-feel decision that takes perhaps a second or two, and pretty clearly does not
involve analytical modelling.

Or consider the white-water canoeist. He or she is in an environment in
which there are very few objects and only a few important boundaries. Alertness
is high, and visual assessment is constant and skilled, but navigation is dependent
on the “feel” of the water. This is skilled performance. This is the way we used
to interact with the world before we acquired language, before we began to build
abstractions to analyse our experience.

For a third example consider a pair of dancers, engaged in an interpretive
modern dance. In some sense everything in the dance is about spatial relation-
ships — relationships between the dancers, the positions and movements of their
limbs and bodies. In this case we can take the role of an observer, perhaps a
dance critic. He or she could find words to describe what the dancers are doing,
but the description would fall far short of the dance itself, no matter how
eloquent or how detailed it might be. And in the description, metaphors would
abourd — a literal description would be particularly pointless.

Now think about spatial concepts and terms: adjacency, superposition,

, “at”. And think of some

connectedness, “on”,

next to”, “behind”, “above”, “in
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relevant nouns, adjectives, etc.: “rock”, “water”, “swiftly flowing”, “deep”,... If

we go back to the scenes we have been imagining, there are plenty of resources
for creating a description (after all, | myself have been using nothing but words

in this article), but astonishing inadequacy for action — for deciding whether to
leap to the next stone, for example. To make a decision, which we can often do
in a split second, we need a far more detailed assessment than language can give
us, not to mention integrating all kinds of non-spatial contextual factors. And we
may make several such decisions each second.

Nor does resort to quantitative analysis seem to account for what is going
on. The numerical complexity involved in adequately modelling the surfaces,
positions, textures, stability and wetness of all the rocks in the river, the flexions,
accelerations and momenta of all the limbs and body masses, not to mention the
fatigue, danger, urgency and exuberance of the situation would be vast. Forty
years of research in robotics has brought us nowhere close to replicating what
humans do, or even to understanding how they do it.

Neural nets don’t throw much light on the problem either. What does one
use as inputs? If we supply extracted ‘features’ of the situation, we are pre-
judging what it is that people attend to, probably missing the boat from the
beginning, and begging the question of how the features are derived. If we supply
raw retinal pixel data as inputs, the problem is far too unconstrained to be solved.

4. Evolution of language

In evolutionary terms, language is a remarkable development. As well as
allowing us to communicate with others about experiences which are perceptually
remote, it has given us tools with which to reflect on our experience in the
world, to abstract and generalize from the particular to the typical. The tokens of
language — its names and symbols — are the ingredients of much of modern
consciousness. We learn to think conceptually, and the concepts that we use have
much in common with the elements of language. The whole of science, and the
scientific description of the world, relies exquisitely on the kinds abstraction and
conceptual thinking that language has given us.

But since at least the time of Kant and Blake in the west, and in Taoist,
Zen, and some aspects of Mahayana Buddhist philosophy, there has been a
suspicion that conceptual thinking is inherently problematic as a way of under-
standing the true nature of reality. | believe those of us in the computer and
cognitive sciences should worry about the same issue, and for essentially the
same reasons. As we can begin to see from the examples above, the categories



132 ARNOLD SMITH

and delineations that language gives us are rich enough by now that we can
always stitch together a description of what we are experiencing. But we
shouldn't be fooled into thinking that when we do this, we have captured the
essence of it. It isn't even easy to say how comprehensive our conceptual models
of the world are — because consciousness appears to be normally focussed on
our conceptual thinking, it is hard to be aware of what is not conceptually
mapped.

From an evolutionary point of view, language is recent, and we can come
to see it as still light-weight and fragile. When we abstract from our interaction
with the world, and build structures and representations on a basis of language
and its concepts, we are already pulling back from our direct experience.
Conceptual abstraction is powerful — all the more so now that we have comput-
ers to help us build and maintain more elaborate structures than we can keep in
our heads — but it is dangerous precisely because of its disconnection from its
subject-matter. To a far greater degree than we usually realize, we let our
conceptual models of reality, which are fashioned as much by our culture and our
media as by our own visceral experience, determine what and how we perceive.

5.  What termsof analysis?

There are several points to note here. One is that the mapping of linguistic
concepts to the richness of the world is extremely sparse, far too sparse to form
a basis for action or systematic reconstruction. Another is that despite the
apparent richness of detail, we have ndfidulty acting, or even imagining
ourselves acting, in such situations. On the contrary, there is often an exhilarating
sense of absorption in the fluid handling of this kind of complexity. It is pretty
clear that have a way of apprehending the world, and even “reasoning” about it,
that is very diferent from language. Not only do we have such a way, it is
presumably the basis for much of our behaviour (cf. Polanyi 1962).

Of course, when wéalk about what we do, when we want to describe what
is happening, we superimpose rational categories, categories of classification,
dimension, shape, quantity, quality, etc. When we tell a story, or describe a
scene, we have in mind (in some sense) the kind of visually-rich imagined world
that serves us well in action, and we use the short brush-strokes of language to
lightly sketch what we “see”. Our hearers draw on their own experience to
imaginatively reconstruct their own rich images of what may have been. It is a
wonderful process.

But to imagine that the world is really captured in those brief brush-strokes,
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and that we can use them as foundations for valid models, is to dangerously
misinterpret what is going on. Because we talk to each other and to ourselves so
much, we tend to take the categories as primary, and to project them back out
into the world as if they were elemental and ‘given’. We assume that in our
analysis of what the world is like, we can start from clean, clear, discrete
elements, and can elaborate towards the complexity of the world from that. It is
a compositional view, a view that lends itself well to structuring and manipula-
tion, to symbolic reasoning, and to computation. We are so used to thinking in
this kind of way that it is hard to imagine any other.

Unfortunately, or interestingly anyway, the world doesn’t seem to be like
that. Even the independent existence of objects, which we take absolutely for
granted, is far more problematic than it appears (Smith 1996). One aspect of the
problem is that the world is more fluid, messier, more continuous, than our
conceptual models of it. And the fluidity and the messiness are not simply at the
periphery — they involve breakdown, unexpected change, and underlying
continuity across sharp consequential boundaries.

At some level, it is not even obvious that a scenario such as fording a river
on rocks is complex. Any three-year-old child can easily understand what is
happening, and many six- and seven-year-olds can do it with skill and grace. Do
we bring extrinsic complexity with us into the situation because of our unexam-
ined habits of scientific thought?

Another pervasive source of trouble for our models is the apparently
inescapable context-dependence of every situation, every interpretation. The
“Y2K” problem is one of the current big examples — all those programmers,
comfortably ensconced in the 20th century, failed to notice the contextual
dependence of their assumptions. All symbolic modelling involves abstraction,
and all abstraction involves ignoring details and particulars, in an attempt to say
something whose value will transcend its original context. But something about
the fabric of the world never quite lets us get away with this attempt to tear out
a patch of cloth from the whole. The ideal of context-independence is always
something of an illusion.

6. What dowedo?

In fact, as we have noted above, we as humans have wonderful skills for dealing
with all of this at the level of the intuitive, or of direct apprehension. But as
individuals and as a society we want the world to be under our control, and so
we are constantly trying to neaten things up so that our analytical categaries
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apply. By neatly arranging the furniture in a room, and choosing manufactured
items that match each other well, concepts like “above”, “beside”, and “in front
of” can be descriptively pretty adequate. It is not entirely accidental that some of
the most convincing examples of the inadequacy of conceptual analysis come
from the wilderness, from the untamed world. As Smith notes, we are constantly
trying to push the world into place so that objects maintain their identity and
conform to our abstract models. (This is why we have bureaucracies — and why
they can be so stifling).

But it is never enough. Things are always breaking, or missing, or there
isn’t enough room, or other considerations are applicable. And because, as
humans, we have constant recourse to this other, richer, more flexible mode of
dealing with the world, we can cope pretty well. The way we cope best is not by
exhaustive analysis, not by building huge, finely-structured symbolic models of
the world in our heads. Our understanding and our acting involve a constant
interplay between a language-compliant, model-based ideal, and a pre-conceptual
direct awareness that can deal with an extraordinary range of circumstance. What
seems to happen is that when our rough conceptual models break, we briefly
revert to pre-conceptual mode, assess what is really happening, and then leap
back to repair and elaborate our conceptual models as needed. We hardly notice
it happening, but this interplay between the two modes is essential for our
survival and success. Without our pre-conceptual fall-back, we would crash as
often as our computer systems. And as we depend more and more on computer
systems that have no such fall-back, we risk crashes on a larger scale.

The most surprising thing about all this is that the non-conceptual substrate
has not been more obvious all along. We actually have remarkably little idea of
how it works, or what its boundaries and limitations are. (The psychologist
Mihaly Csikszentmihalyi (1991) has made a study of the ‘flow’ experience,
which is closely related). Part of the problem is that to talk about it, to analyse
and understand it, we need to use just those conceptual tools that are its antithe-
sis. It is a question of using language and analysis to understand what is
intrinsically non-linguistic and non-analytical. This however cannot be the whole
problem — if we can describe a world that is not intrinsically conceptual, we
should be able to talk about a way of knowing that is not conceptual.

| suspect that the reasons for this ignorance on our part are deep and
fascinating. On the one hand, it is partly that this direct sense of the world is so
intimate, so innate, that it has been hard for us to notice. And because it is tacit,
unlike language, it doesn’t call out for analysis in quite the same way. Con-
sciousness seems to be much more associated with our conceptual, discursive
mind than with the quiet, intuitive side, so that it is mordhdult (though far
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from impossible) to direct our attention to the deeper modes of awareness.

Unconscious fears may even play a role. This intuitive, inarticulate aware-
ness is probably continuous with the unconscious, with a knowledge of aspects
of the world that are not under our control but which we are dimly aware of and
may want to keep from our conscious gaze. The anthropologist Morris Berman
(Berman 1981) points to some of the consequences that may flow from taking
this kind of awareness seriously. And the historian Richard Tarnas (1993)
brilliantly traces the evolution of our current strongly science-based worldview,
suggesting that further deep changes are probably in store.

7. Conclusion

Despite the richness of language and vocabulary, the relationship of linguistic
expression to the richness of the world itself is sparse and partial. We like to
imagine that we can create a conceptual model of the world via which we can
map its salient features to conceptual correlates in our model. Unfortunately, our
conceptual structures are impressive enough to fool us into thinking that we can
do quite a good job. These days we can, and do, build elaborate structures
(knowledge bases, engineering design models, virtual environments) that seem to
include many details of the world outside. But this attempt begins to blind us to
what the world is really like. We model what we can, and then we pay attention
to what we can talk about, forgetting that there is much more that we intuitively
know, but have missed in our analysis.

To correct this lack, we need to figure out what goes on in our minds when
we are interacting with the world directly and intuitively, without concepts. We
need a conceptual analysis of non-conceptual understanding. Only when we have
made some progress in this direction will we have a chance of building systems
that can fluently interact with the world. Until then we have little chance of
really making sense of either the world or ourselves.
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Space Under Stress
Spatial understanding and new media technologies

Chris Speed and Deborah Garcia-Tobin
University of Plymouth

Introduction

The aim of the work reported here is to promote the exploration of spatial
understanding and identity in a time when our abilities for spatial perception are
under constant duress from the influx of new media technologies. These technol-
ogies demand a perceptual shift betweeffiedent ideas and representations of
spaces — local, global, networked, real, and virtual. Given the complexity and
subtleties of these shifts, it is unsurprising that the Cartesian model of space
proves unable to provide a satisfactory framework for understanding these new
media spaces. In order to illustrate the nature of these shifts and ‘slips’, present-
ed below are three examples of our perception of time and space under the stress
of new media as it breaks conventional forms and structures. These shifts are
then discussed in relation to previous attempts by late twentieth century theorists
to reconcile mental space and real space (Bourdieu 1977; Lefebvre 1991). It is
then argued that the problems created by new media technologies for these
spatial models require a new approach, consolidating the break away from the
Cartesians, reuniting the spatial and temporal aspects of information and repre-
sentation, whilst providing a flexibility capable of embracing non-linearity.

New media spaces

Establishing ‘where we are’ is becoming an increasingly common task in our
everyday existence. We are required to work out where we want to go and how
we wish to get there; Via path, road, rail, air, phone line, radio frequency,
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Television channel, our expectations for travel, movement and speed, demanding
we orientate ourselves in anticipation of the next move. It is not so much the
new technologies of immersive virtual reality environments, or the stunning
sensory #ects now routinely found in films or theme parks. Rather, what is focused
on here, are the seemingly insignificant events which infiltrate our daily life.

Example one

Virgin Radio’s trdfic information during its breakfast show is unusual because
of the way in which it asks us to comprehend theticaproblems across the
country. In a dynamic, noisy minute and a half, a loud male voice asks us to join
him in contacting his colleagues who, as he speaks, are hovering over ‘Britain’s
worst hit trdfic spots’. One by one, from helicopter or some other high vantage
point, voices describe how slowly cars appear to be moving on roads below: ‘I'm
circling over junction 8 of the M6, and as | look under my wing, | can see a
long tail back stretching way back to junction 7, all queuing to get past a jack-
knifed lorry that has shed its load’. This continues whilst another three or four
flying traffic specialists recount the sights from their cockpits.

The problems of this particular case may by unclear from the point of view
of the reader, but from the point of view of a driver and listener to the report, it
requires some consideration in order to establish if their particular route will be
hampered that morning. When we make a journey we concentrate on the
combination of roads that make up our route from the perspective of being
behind the steering wheel, and that any news regarding road status is expected to
be introduced from an announcer located somewhere in the nowhere land behind
your car stereo; a geographical model that is bound by conventions of a ‘face on’
environment and point of view. Thus, when a voice from above you proclaims
that a road ‘below’ is experiencing problems, it introduces an additional interface
causing some initial confusion to the driver, one that involvestizmint model
of geography; the birds eye view. This clash of geographic models is only made
possible by the use of technologies and the aspirations of a radio station,
attempting to make a dull aspect of their service more spectacular, more filmic.
It is doubtful that this situation produces more than momentary confusion for the
driver before they are able to make sense of the information. However, the ‘slip’
caused by the collision of two models for geographic space and the absorption
of one model into the other appears to be an interesting and complex phenome-
non worthy of further consideration.

Example two

BBC Television Breakfast News often attempt to carry out debates around
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current dfairs in the twenty minute slots between hourly and half hourly news
bulletins. Ambitious not only because it's early in the morning for most viewers
to take seriously, but because the discussions often feature up to four partici-
pants. Traditionally, the group is made up of three people in ‘the studio’ and one
other contributor who is located in some ‘faff'oplace, joining the debate via
telematics, appearing framed on a screen behind the breakfast presenter. Once the
debate begins, the programme controllers are able to cut between cameras to
construct a coherent ‘in-studio’ discussion chaired by the presenter using well
established cinema technique, the 18@le. Confusion sets in when the virtual
participant is introduced, switching from studio camera to the live feed coming
from another location. Announcing the introduction of the new member to the
group, gives the viewers just time to observe the mystification on the faces of the
other participants as to where to look for their adversary. Since the new member
of the debate is superimposed on to the stage via ‘blue screen’ technology the
18C° camera rule is rendered useless since he cannot be seen to exist in the
studio. Hence, the only space to which the panel can look, is into the camera, or
from the point of view of the viewer, into the screen where our virtual guest will
appear. Unfortunately, such a complex conceptual conclusion is not always made
in time by all members of the group, some of whom recognise the new guest on
an df set monitor and can be seen to look screen, left and down, to where

the virtual participant can be seen.

The complex conundrum that has to be thought out carefully by each
participant, if a consistent spatial geography is communicated to the viewers,
breaks so many spatial and geographical rules that it is inevitable that people are
quickly confused and disorientated.

Further to the complex mixing of spatial models, the broadcast team appear
to make things worse by attempting to locate some people and not others; The
backdrop behind the virtual guest is clearly superimposed, and goes some way to
help locate him, a digitally blurred and colour saturated still of the former BBC
Television headquarters (to those who can make it out), with the words ‘Central
London’ supposedly clarifying the point across the top of the screen. The debate
continues and our man from Central London is performing well, in fact, his
lengthy answers provide an opportunity to introduce another framing device to
enable us to see the presenter and his virtual guest at the same time. Composed
within a saturated blue background, hover the two moving images of presenter
and guest, clearly in flierent frames and labelled accordingly: ‘Studio’ and
‘Central London’.

If the presenter is in the ‘Studio’, our virtual guest in ‘Central London’
where is the frame located? Where is home to ourselves, if home is where we
locate our own point of view on the proceedings? Typically, we place ourselves
in the studio audience, but then we are alienated from that warm, well lit space
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and located somewhere with over saturated blue walls, and Helvetica type that
labels the windows through which we see anything. The naming of the ‘Studio’
and ‘Central London’ seem to suggest a break down in spatial conventions. By
introducing Central London as a means of locating the virtual guest, the produc-
tion team are forced to locate the studio, but without a geographical context for
it, it must remain as the ‘Studio’, an ambiguous term, but one that the audience
have taken on board because of the introduction of such new media.

Example three

In contrast to the above case, the televisual spdiarenl by the BBC’'s Match

of the Day soccer program, represents the synthesis of new models for geogra-
phy in a new media age. For years television audiences have absorbed the idea
of what television studios look like and where they are because they have grown
out of the theatre with a stage, backdrop, audience, and left and right wings.
They were even given addresses: Wood Lane, Pebble Mill, Camden Lock, etc.
New media technology over the past few years has introduceffexatit kind

of television studio. The BBC Nine o’clock News is a well known example of a
hyper-studio. Its introductory sequence, although computer generated imagery,
looks like a traditional TV studio, with a backdrop and lighting rig overhead.
Although simulated graphics are employed they still adhere to the spatial
convention that is a ‘Television Studio’.

Since this time we have seen many virtual sets employed, and the distinct
nature of computer graphic imagery enables an audience to recognise when a set
is not a set, rather an example of the blue screen technique. Whilst much of the
imagery aspires to remove the presenters from the ‘TV studio’, as an audience,
we are still able to deconstruct a scene and establish the somewhere behind all
the special flects, a TV studio in the traditional sense.

In contrast to this illusion, BBC's Match of the Day adopts a spatial
metaphor that aspires not to remove the set from the TV studio, but to assertively
re-locate it in a diferent space. A strategy that once again confuses another
model of geography. The superimposed imagery behind the presenters is simply
a window, a window overlooking a football pitch late at night. As the camera
pans left to right to complete an idea of the space, the viewers see a West stand
to the left with its floodlight, a central stand with its pediment inferring the
halfway line of the pitch that is directly below, and an East stand, with its flood
light, to complete the composition. For an audience who are used to live games
from stadia around the world, the composition demands we locate the presenta-
tion team in a press booth above such a stadium, and no longer in a TV Studio
at all. Whilst representing a successful synthesis of subject and metaphor, it
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suggests that once again new media is eroding the conventions of space that we
use to locate ourselves in our relationship with television.

Modelsfor space

Over the past twenty years the social and psychological sciences have provided
the most thorough work in attempting to model and make sense of our dealings
with space. In particular, significant contributions have been made by Bourdieu
(1977), Lefebvre (1991), and Foucault (1980). Coming from quitewtint
directions, they represent the consolidation of Social Spatialisation as a field of
study that addresses the relationship between objects and their environments.
Prior to their work, post-enlightenment aspirations described ‘mental images’ of
our environment that we carried around, to enable our successful navigation
through geographies. However, whilst revealing many aspects of human spatial
interaction, much of the work struggles to account for tifeats of new media
technologies, as highlighted in the examples given above. Bourdieu’s work looks
to a structural approach to establishing key methods for making sense of space
and time, constructing hikabitus,a system using ffierent class patterns and
activities to represent a vocabulary for our actions in time and space. It is
described thus:

Experience is a system and consequently the objective world is constructed
through the imposition of cultural categories on reality. Perception thus takes
place through a mediating value-framework whiclfatientiates the facticity

of the environment in which one lives (Shields 1991: 32).

The vocabulary ohabitusconsists of aspects of routine, and as Bourdieu would
have us believe habits, the characteristics by which we identify many jobs and
tasks:

All the actions performed in a space constructed in this way are immediately
qualified symbolically and function as so many structural exercises through
which is built up practical mastery of the fundamental schemes, which
organise...practiced and representations: going in and coming out, filling and
emptying, opening and shutting, going leftwards and going eastwards
(Bourdieu 1977:91).

In this way habitus becomes his proposal for the system that motivates the
human to interact with a world and in turn, allows them to make sense of a
world. Treating the mind as a metaphor of a world that is made up of objects,
that in turn consist of metaphors embodied in tasks. Systems within systems that
can be identified as resulting from class oriented childhood experiences. Howev-
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er, whilst Bourdieu successfully deconstructs a Kabyle village and house using
his metaphors and ‘time-geography’ (Hagerstrand 1973, 1974, 1975), it has been
criticised due to his over structuring. Before long the reader is left wondering
which structure came first, the Kabyle Village or Bourdiebi&bitus Although
Bourdieu embraces the complexity of fourth dimensional space, his preoccupa-
tion with the use of aspects of task, makes it veifficlilt to take account of the
impact new technology has upon lifestyles as they adapt to take on board new
representations of space. Leisure space, such as watching television, can be
happily absorbed into Bourdieu’s work, but what happens to our models for the
world as we watch telematic news events is disregarded. In addition, he provides
no proposals for the stresses his ‘habits’ come under as our lifestyles change as
a result of the technologies.

Foucault represents a move away from Bourdieu’s causal proposals, the
result of a social situation, and instead looks to identify where the motivation
comes from. Not discounting Bourdieu’s socifleets, Foucault tries to identify
how they become embroiled with other aspirations that inform how we discover
space. Foucault set out to readdress a conceptual model for space, not that
dissimilar to the aspirations of the enlightenment, but instead of proposing a
mental map that mirrors the world, he explores the idea of a spatial impression
of reality. A framework for space that embraces aspects of a Cartesian means of
sorting space, whilst placing them in a social and psychological context.

Territory is no doubt a geographical notion, but it's first of all a juridico-
political one: the area controlled by a certain kind of poweeld is an
economico-juridical notionDisplacementwhat displaces itself is an army, a
squadron, a populatiodomainis a juridico-political notion.Soil is a histor-
ico-geological notion.Regionis a fiscal, administrative, military notion.
Horizonis a pictorial, but also a strategic notion. (Foucault 1980: 68).

Through hisdispositifFoucault outlines the complexity that our position or state

is founded on by identifying three parts: i. from formative acts that are the result
of a response to a new situation (‘emergency’) comes a strategy for action, ii. a
‘jurisdiction’ is developed as the action becomes stable and ordered, and iii. the
actions become heterogeneous as we struggle and succeed to fit new events into
the initial strategy. In this way, Foucault finds we interpret space through
strategies that form order and in turn, procedures.

There is an administration of knowledge, a politics of knowledge, relations of

power which pass via knowledge and which, if one tries to transcribe them,

lead one to consider forms of domination designated by such notions as field,
region and territory. (Foucault 1980: 69).

Whilst providing a thorough and rewarding means of understanding how we
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survive and maintain order through actions, much of the rhetoridisgositif
relies upon strategy, and the Cartesian models for order, to the extent that one
senses the work is almost militarian in its conception.

The work is enjoyable because it recognises a procedural manner in which
we navigate through space, but its sense of rigour fails to explore the dilemmas
we face as we become caught in the spatial dichotomies that new media gener-
ates. Certainly, whilst aspiring to escape Cartesian time and space, in the end,
Foucault's work is fective because it utilises a linear and objective relationship
with time and space, and thus becomes problematic when it takes on board the
non-linear and hyper directional nature of new media.

Lefebvre attempted to avoid the problem of adopting systems loaded with
time and space properties (Foucault), or social positions (Bourdieu), by identify-
ing a problem in the Cartesian semantics that describe space. Suggesting that in
order to fulfil the enlightenment panacea, space was split and separated into an
abstraction of space, identifiable through experience, and phenomenon of space
that is how it manifests itself in systems and form. In particular the development
and application of perspective within paintings represented for him the conquest
and embodiment of space, and one that inevitably empowered the bourgeois
component of society.

What interests Lefebvre is less the techniques than the politics of modernism,
which he treats as a politics of space by virtue of its involvement in the
production of a spatial imaginary whose assumptions and entailments extended
far beyond the canvas. (Gregory 1994: 393)

Consequently, any attempts to suppose how we understand space must readdress
this split and attempt to reconcile them through a dialectic of three parts: (i)
spatial practices, (ii) representations of space, and (iii) spaces of representation.
The first, spatial practices being the ownership of spaces that become named
spaces; parks, fields, museums, walks etc. Representing our absorption of space,
our fetishisation of it, so they become embedded with clear semiotic code and
recognised in this way. Second, representations of space becomes the abstract
and conceptual depiction’s of space; plans, maps, and in particular, the methods
of recording location through co-ordinates. These become ‘truth’ base structures
that are utilised to enforce power structures of meaning and force. The third and
most complex is space of representation, this being the most discursive aspect,
representing the sum of the two previous parts in conflict. It is particularly useful

to describe spaces that are modern and post-modern, such as the shopping mall,
with all its leisure activities and facades, neither is it simply a shopping space,
or an easy to conceive of planned space. ‘It constructs in a literal sense a ‘space
of representation’, a privatised public space in which the social imaginary is
opened to new visions’ (Shields 1991: 55).
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Criticism of Lefebvre's Dialectic of Space from his contemporaries is
directed at its assertions, whilst retaining an ambiguity toward the role of ‘space
of representation’, there is a concern over its ease of use as a ‘get out clause’ for
the new. However, this ‘get out clause’ represents a prime opportunity to place
the fallout (McLuhan 1964) from new media, and whilst it fails to predict its
effects upon the two remaining axioms, it provides the opportunity for new
developments in our models of space. The key attributes of the inquiry into space
that Bourdieu, Foucault and Lefebvre were able to identify was i. the linear
series of events that made up our experience of a space, and ii. the classification
of spaces and events into tasks or named spaces. Clearly the nature of the digital
age with its technologies that transfer information at the speed of light was
destined to bend time and space. Since the first transatlantic telephone cable was
connected to the West Coast of Ireland to Newfoundland, allowing verbal
communication to transcend local space, enabling participants in conversations to
construct relationships without ever seeing each other, our geo-spatial models for
the world were never going to be as simple as the Enlightenment’s ‘mental map’.

However, the close relationship that social and cultural theorists would
suggest occurs between time and space is under a great deal of stress as our
classifications for spaces are becoming detached from time. Media technologies,
as the examples hopefully show, illustrate that the classifications that occurred as
linear tasks in Bourdieu’s work, and as emergent strategies in Foucault's work
begin to fail us as hyper media forces us to break a linear experience of time.

Conclusions

It has been shown that Bourdieu’s task based assumptions become inadequate as
he fails to take on board the consequences of multi-tasking on behalf of the
human in order to fit together the opposing spatial models and develop a new
task. Foucault’s work is more hopeful, since it addresses our struggle to make
sense of emergencies. Unfortunately, his adoption of the Cartesian framework of
space and time, makes it hard to see how his three part sequence of events that
describes our struggle, can operate so deftly in a non-linear context. Inevitably,
because Lefebvre opens his writings up with his third concept of ‘spaces of
representation’ we can more readily see how the condensation of a digital culture
can be absorbed and reconciled within our spatial concepts. Indeed, his foresight
to dissolve the Cartesian relationship between abstract space and physical space,
helps his model adopt non linear events. However, his ‘spatial practices’, used to
term and categorise spaces, comes under stress because it requires a consistency
that is derived from social activity. But if social activity is being transformed and
indeed simulated (as is the case with the Match of the Day set) through new
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technologies it is questionable how well this model fits.

The primary problem in much of this inquiry is the temporal aspect of the
relationships. If the Organising Action of Bourdieu, the Strategies of Foucault,
and the Representation of Space coupled with Daily Practice of Lefebvre did not
represent small linear time based tasks or procedures that had to be acted out,
then the conflict with time would not occur. Instead, if they were replaced with
more flexible time based elements that anticipate a change of events, and non-
linear occurrences, it may be possible to construct models to embrace new media
technologies. Whilst not providing answers, it is hoped that this and other such
discussions will provide a greater understanding of the problems of understand-
ing new media spaces, but also prove a catalyst for work in this area to encour-
age the production of appropriate models to improve our understanding of the
perception of new media technologies and consequently inform our design
practice, enabling more intuitive andfective interfaces.
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1. Introduction

IntelliMedia, which involves the computer processing and understanding of
perceptual input from at least speech, text and visual images, and then reacting
to it, is complex and involves signal and symbol processing techniques from not
just engineering and computer science but also artificial intelligence and cogni-
tive science (Mc Kevitt 1994, 1995/1996, 1997a). With IntelliMedia systems,
people can interact in spoken dialogues with machines, querying about what is
being presented and even their gestures and body language can be interpreted.

People are able to combine the processing of language and vision with
apparent ease. In particular, people can use words to describe a picture, and can
reproduce a picture from a language description. Moreover, people can exhibit
this kind of behaviour over a very wide range of input pictures and language
descriptions. Although there are theories of how we process vision and language,
there are few theories about how such processing is integrated. There have been
large debates in Psychology and Philosophy with respect to the degree to which
people store knowledge as propositions or pictures (Kosslyn and Pomerantz
1977; Pylyshyn 1973). Other recent moves towards integration are reported in
Denis and Carfantan (1993), Mc Kevitt (1994, 1995/96) and Pentland (1993). It
is often the case that when people use language about the visual environment
they often need to refer to spatial relationships and they use prepositions to do
so (Retz-Schmidt 1988; Zelinsky-Wibbelt 1993). Spatial relations are a central
issue in the integration of natural language and vision processingp([V2@6;
Olivier 1995, 1996, 1997).

The Institute for Electronic Systems at Aalborg University, Denmark has
expertise in the area of IntelliMedia and has already established an initiative on
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Multimodal and Multimedia User Interfaces (MMUI) called IntelliMedia 2000+
by the Faculty of Science and Technology. IntelliMedia 2000+ coordinates
research on the production of a number of real-time demonstrators exhibiting
examples of IntelliMedia applications, established a new Master's degree in
IntelliMedia, and coordinates a nation-wide MultiMedia Network (MMN)
concerned with technology transfer to industry. IntelliMedia 2000+ involves three
departments and is coordinated from the Center for PersonKommunikation (CPK)
which has a wealth of experience and expertise in spoken language processing,
one of the central components of IntelliMedia, but also radio communications
which would be useful for mobile applications. More details on IntelliMedia
2000+ can be found on WWW: http://www.cpk.auc.dk/imm.

2. CHAMELEON and thelInteliMedia WorkBench

IntelliMedia 2000+ has developed the first prototype of an IntelliMedia software
and hardware platform called CHAMELEON which is general enough to be used
for a number of dierent applications. CHAMELEON demonstrates that existing
software modules for (1) distributed processing and learning, (2) decision taking,
(3) image processing, and (4) spoken dialogue processing can be interfaced to a
single platform and act as communicating agent modules within it. CHAME-
LEON is independent of any particular application domain and the various
modules can be distributed overfférent machines. Most of the modules are
programmed in C++ and C.

2.1 IntelliMedia WorkBench

An initial application of CHAMELEON is thdntelliMedia WorkBenctwhich is
a hardware and software platform as shown in Figure 1.

One or more cameras and lasers can be mounted in the ceiling, microphone
array placed on the wall and there is a table where things (objects, gadgets,
people, pictures, 2D/3D models, building plans, or whatever) can be placed. The
current domain is &ampus Information Systewhich at present gives informa-
tion on the architectural and functional layout of a building. 2D architectural
plans of the building drawn on white paper are laid on the table and the user can
ask questions about them. At present the plans represent two floors of the ‘A
(A2) building at Fredrik Bajers Vej 7, Aalborg University. The 2D plan is shown
in Figure 2.
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Figure 1. Physical layout of the IntelliMedia WorkBench
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Figure 2. 2D plan of the ‘A’ building at Fredrik Bajers Vej 7, Aalborg University. Left:
ground floor; Right: 1st floor.
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Presently, there is one static camera which calibrates the plans on the table
and the laser, and interprets the user’s pointing while the system points to
locations and draws routes with a laser. Inputs are simultaneous speech and/or
pointing gestures and outputs are synchronised speech synthesis and pointing. We

currently run all of CHAMELEON on a 200 MHz Intel pentium computer (r2d2)

which handles

input for the Campus Information System in real-time. More

details on CHAMELEON and the IntelliMedia WorkBench can be found in
Brgndsted et al. (1998).

2.2 Sample interaction dialogue

We present here a sample dialogue which the current first prototype can process.
The example includes user intentions which are instructions and queries, and
exophoric/deictic reference.

USER: Show me Tom’sfiice.

CHAMELEON: [points]
This is Tom’s dfice.

USER: Point to Thomas'feice.

CHAMELEON: [points] This is Thomas’ fiice.

USER: Where is the computer room?

CHAMELEON: [points] The computer room is here.

USER: [points to instrument repair] Whoséioe is this?

CHAMELEON: [points] This is not an fiice, this is instrument repair.

USER: [points] Whose fiice is this?

CHAMELEON: [points] This is Paul’s fice.

USER: Show me the route from Lars Bo LarsenBice to Hanne
Gade’s dfice.

CHAMELEON: [draws route] This is the route from Lars Bo'dfioe to
Hanne’s dfice.

USER: Show me the route from Paul Mc Kevitt'ffioe to instrument
repair.

CHAMELEON: [draws route] This is the route from Paul'ffioe to instrument
repair.

USER: Show me Paul’sfhice.

CHAMELEON: [points] This is Paul’s flice.

Note that CHAMELEON assumes Paul Dalsgaard as default Bibbugh there
are two Pauls. A later prototype of the system should become active here and ask
the user a question by first pointing out that there are two Pauls and then asking
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which does he/she mean. CHAMELEON can process deictic reference (“Whose
office is this?”) which is one of the most frequently occurring phenomena in
IntelliMedia. However, spatial relations (e.g. “Who’s in thifice besidehim?”)

are another phenomenon occurring regularly in language and vision integration
which are not yet implemented in CHAMELEON. Also, there are other project-
ive spatial relations such as “left”, “right”, “above”, “below”, and queries like
“Who's in the dfice two up from him?” which occur regularly.

2.3 Architecture of CHAMELEON

CHAMELEON has a distributed architecture of communicating agent modules
processing inputs and outputs fronffdrent modalities and each of which can

be tailored to a number of application domains. The process synchronisation and
intercommunication for CHAMELEON modules is performed using the DACS
(Distributed Applications Communication System) Inter Process Communication
(IPC) software (Fink et al. 1996) which enables CHAMELEON modules to be
glued together and distributed across a number of servers. Presently, there are ten
software modules in CHAMELEON: blackboard, dialogue manager, domain
model, gesture recogniser, laser system, microphone array, speech recogniser,
speech synthesiser, natural language processor (NLP), and Topsy as shown in
Figure 3. The blackboard and dialogue manager form the kernel of CHAME-
LEON. We shall now give a brief description of each module.

Speech manager
5yntheslser
esture

Black recogmser
recogniser Board

Laser Microphone

pomter array
Domain

Figure 3. Architecture of CHAMELEON

The blackboard stores semantic representations produced by each of the
other modules and keeps a history of these over the course of an interaction. All
modules communicate through the exchange of semantic representations with
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each other or the blackboard. Semantic representations are frames in the spirit of
Minsky (1975). The intention is that all modules in the system will produce and
read frames. The frame semantics was first presented in Mc Kevitt and
Dalsgaard (1997) and for the sample dialogue given in Section 2.2
CHAMELEON's actual blackboard history in terms of frames (messages) is
shown in Appendix A.

The dialogue managemakes decisions about which actions to take and
accordingly sends commands to the output modules (laser and speech synthe-
siser) via the blackboard. At present the functionality of the dialogue manager is
to integrate and react to information coming in from the speech/NLP and gesture
modules and to sending synchronised commands to the laser system and the
speech synthesiser modules.

The domain modetontains a database of all locations and their functional-
ity, tenants and coordinates. The model is organised in a hierarchical structure:
areas, buildings and rooms. Rooms are described by an identifier for the room
(room number) and the type of the roomffice, corridor, toilet, etc.). The
model includes functions that return information about a room or a person.
Possible inputs are coordinates or room number for rooms and name for persons,
but in principle any attribute can be used as key and any other attribute can be
returned. Furthermore, a path planner is provided, calculating the shortest route
between two locations.

A design principle of imposing as few physical constraints as possible on
the user (e.g. data gloves or touch screens) leads to the inclusion of a vision
basedgesture recogniserCurrently, it tracks a pointer via a camera mounted in
the ceiling. Using one camera, the gesture recogniser is able to track 2D pointing
gestures in real time. Only two gestures are recognised at present: pointing and
not-pointing. From each digitised image the background is subtracted leaving
only the motion (and some noise) within this image. This motion is analysed in
order to find the direction of the pointing device and its tip. By temporal
segmenting of these two parameters, a clear indication of the position the user is
pointing to at a given time is found. The error of the tracker is less than one
pixel (through an interpolation process) for the pointer.

A laser systenacts as a “system pointer”. It can be used for pointing to
positions, drawing lines and displaying text. The laser beam is controlled in real-
time (30 kHz). It can scan frames containing up to 600 points with a refresh rate
of 50Hz thus drawing very steady images on surfaces. It is controlled by a
standard Pentium PC host computer. The pointer tracker and the laser pointer
have been carefully calibrated so that they can work together. An automatic
calibration procedure has been set up involving both the camera and laser where
they are tested by asking the laser to follow the pointer.
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A microphone array(Leth-Espensen and Lindberg 1996) is used to locate
sound sources, e.g. a person speaking. Depending upon the placement of a
maximum of 12 microphones it calculates sound source positions in 2D or 3D.
It is based on measurement of the delays with which a sound wave arrives at the
different microphones. From this information the location of the sound source
can be identified. Another application of the array is to use it to focus at a
specific location thus enhancing any acoustic activity at that location. This
module is in the process of being incorporated into CHAMELEON.

Speech recognitiois handled by the grapHvite real-time continuous speech
recogniser (Power et al. 1997). It is based on HMMs (Hidden Markov Models)
of triphones for acoustic decoding of English or Danish. The recognition process
focusses on recognition of speech concepts and ignores non content words or
phrases. A finite state network describing phrases is created by hand in accor-
dance with the domain model and the grammar for the natural language parser.
The latter can also be performed automatically by a grammar converter in the
NLP module. The speech recogniser takes speech signals as input and produces
text strings as output. Integration of the the latest CPK speech recogniser
(Christensen et al. 1998) which is under development is being considered.

We use the Infovox Text-To-Speech (TTSpeech synthesisavhich at
present is capable of synthesising Danish and English (Infovox 1994). It is a rule
based formant synthesiser and can simultaneously cope with multiple languages, e.g.
pronounce a Danish name within an English utterance. Infovox takes text as input
and produces speech as output. Integration of the the CPK speech synthesiser
(Nielsen et al. 1997) which is under development for English is being considered.

Natural language processingg based on a compound feature based (so-
called unification) grammar formalism for extracting semantics from the one-best
utterance text output from the speech recogniser (Brgndsted 1998). The parser
carries out a syntactic constituent analysis of input and subsequently maps values
into semantic frames. The rules used for syntactic parsing are based on a subset
of the EUROTRA formalism, i.e. in terms of lexical rules and structure building
rules (Bech 1991). Semantic rules define certain syntactic subtrees and which
frames to create if the subtrees are found in the syntactic parse trees. The natural
language generator is currently under construction and at present generation is
conducted by using canned text.

The basis of the Phase Web paradigm (Manthey 1998), and its incarnation
in the form of a program callediopsy is to represent knowledge and behaviour
in the form of hierarchical relationships between the mutual exclusion and co-
occurrence of events. In Al parlance, Topsy is a distributed, associative, continu-
ous-action, dynamic partial-order planner that learns from experience. Relative to
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MultiMedia, integrating independent data from multiple media begins with
noticing that what ties otherwise independent inputs together is the fact that they
occur simultaneously (more or less). This is also Topsy's basic operating
principle, but this is further combined with the notion of mutual exclusion, and
thence to hierarchies of such relationships (Manthey 1998).

3. Framesemantics

The meaning of interactions over the course of a MultiModal dialogue is
represented using a frame semantics with frames in the spirit of Minsky (1975).
The intention is that all modules in the system can produce and read frames.
Frames are coded in CHAMELEON with messages built as predicate-argument
structures following a BNF definition. Frames represent some crucial elements
such asmodule input/output intention location and timestamp Module is
simply the name of the module producing the frame (e.g. NLP). Inputs are the
input recognised whether spoken (e.g. “Show me Hannfised) or gestures

(e.g. pointing coordinates) and outputs the intended output whether spoken (e.g.
“This is Hanne’s ffice.”) or gestures (e.g. pointing coordinates). Timestamps
can include the times a given module commenced and terminated processing and
the time a frame was written on the blackboard. The frame semantics also
includes representations for two key phenomena in language/vision integration:
reference and spatial relations.

Frames can be grouped into three categoriesinfit, (2) outputand (3)
integration Input frames are those which come from modules processing
perceptual input, output frames are those produced by modules generating system
output and integration frames are integrated meaning representations constructed
over the course of a dialogue (i.e. all other frames). Here, we shall discuss
frames with a focus more on frame semantics than on frame syntax and in fact
the actual coding of frames as messages within CHAMELEON hastereiit
syntax (see Appendix A).

3.1 Input frames

An input frame takes the general form:

[MODULE

INPUT: input

INTENTION: intention-type
TIME: timestamp]
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where MODULE is the name of the input module producing the frame, INPUT
can be at least UTTERANCE or GESTURBputis the utterance or gesture and
intention-typeincludes diferent types of utterances and gestures. An utterance
input frame can at least have intention-type (1) query?, (2) instruction! and (3)
declarative. An example of an utterance input frame is:

[SPEECH-RECOGNISER
UTTERANCE: (Point to Hanne'sfice)
INTENTION: instruction!

TIME: timestamp]

A gesture input frame is wher@tention-typecan be at least (1) pointing, (2)
mark-area, and (3) indicate-direction. An example of a gesture input frame is:

[GESTURE

GESTURE: coordinates (3, 2)
INTENTION: pointing

TIME: timestamp]

3.2 Output frames

An output frame takes the general form:

[MODULE

INTENTION: intention-type
OUTPUT: output

TIME: timestamp]

where MODULE is the name of the output module producing the frame,
intention-typeincludes diferent types of utterances and gestures and OUTPUT
is at least UTTERANCE or GESTURE. An utterance output frame can at least
have intention-type (1) query? (2) instruction!, and (3) declarative. An example
utterance output frame is:

[SPEECH-SYNTHESIZER
INTENTION: declarative
UTTERANCE: (This is Hanne’s flice)
TIME: timestamp]

A gesture output frame can at least have intention-type (1) description (pointing),
(2) description (route), (3) description (mark-area), and (4) description (indicate-
direction). An example gesture output frame is:
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[LASER

INTENTION: description (pointing)
LOCATION: coordinates (5, 2)
TIME: timestamp]

3.3 Integration frames

Integration frames are all those other than input/output frames. An example
utterance integration frame is:

[NLP

INTENTION: description (pointing)

LOCATION: office (tenant Hanne) (coordinates (5, 2))
UTTERANCE: (This is Hanne’s flice)

TIME: timestamp]

Things become even more complex with the occurrence of references and spatial
relationships:

[MODULE

INTENTION: intention-type
LOCATION: location
LOCATION: location
LOCATION: location
SPACE-RELATION: beside
REFERENT: person
LOCATION: location
TIME: timestamp]

An example of such an integration frame is:

[DOMAIN-MODEL

INTENTION: query? (who)

LOCATION: office (tenant Hanne) (coordinates (5, 2))
LOCATION: office (tenant Jgrgen) (coordinates (4, 2))
LOCATION: office (tenant Barge) (coordinates (3, 1))
SPACE-RELATION: beside

REFERENT: (person Paul-Dalsgaard)

LOCATION: office (tenant Paul-Dalsgaard) (coordinates (4, 1))
TIME: timestamp]

Here we derive all the frames appearing on the blackboard for the example:
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“Who's in the dfice beside him?” We have reported complete blackboard
histories for the instruction “Point to Hanne'sfice” and the query “Whose
office is this?” + [pointing] (exophoric/deictic reference) in Brgndsted et al.
(1998), Mc Kevitt and Dalsgaard (1997), and Mc Kevitt (1997b).

There are input, output and integration frames (F-in, F-out, F-int), input and
output gestures (G-in, G-out) and input and output utterances (U-in, U-out). Input
modules are SPEECH-RECOGNISER (U-in) and GESTURE (G-in). Output
modules are LASER (G-out) and SPEECH-SYNTHESIZER (U-out). Most modules
give and take frames to/from the blackboard database and process them (F-int).

We choose to have modules interacting in a completely distributed manner
with no single coordinating module. The actual present implementation of
CHAMELEON has a dialogue manager which acts as a central coordinator.
Although we show the various modules acting in a given sequence here, module
processing and frames may not necessarily run in this order. The frames given
are placed on the blackboard as they are produced and processed.

3.4 Projective relation “beside”

USER(U-in): Who's in the fiice beside him?

PROCESSING(1):

SPEECH-RECOGNISER:

(1) wakes up when it detects registering of U-in
(2) maps U-in into F-in

(3) places and registers F-in on blackboard:

FRAME(F-in)(1):

[SPEECH-RECOGNISER

UTTERANCE: (Who is in the fiice beside him?)
INTENTION: query?

TIME: timestamp]

PROCESSING(2):

NLP:

(1) wakes up when it detects registering of F-in
(2) maps F-in into F-int

(3) places and registers F-int on blackboard:
FRAME(F-int)(1):

[NLP

INTENTION: query? (who)
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LOCATION: office (tenant Person) (coordinates (X, Y))
SPACE-RELATION: beside

REFERENT: (person him)

LOCATION: office (tenant Person) (coordinates (X, Y))
TIME: timestamp]

PROCESSING(3):

DIALOGUE-MANAGER:

(1) wakes up when it detects registering of F-int

(2) reads F-int and sees it's got a reference “him”

(3) searches the blackboard history for the referent “him”
(4) finds the last person mentioned: “Paul Dalsgaard”

(5) produces updated F-int (referent)

(6) places and registers updated F-int on blackboard:

FRAME(F-int)(2):

[DIALOGUE-MANAGER

INTENTION: query? (who)

LOCATION: office (tenant Person) (coordinates (X, Y))
SPACE-RELATION: beside

REFERENT: (person Paul-Dalsgaard)

LOCATION: office (tenant Paul-Dalsgaard) (coordinates (X, Y))
TIME: timestamp]

PROCESSING(4):

DOMAIN-MODEL:

(1) wakes up when it detects registering of F-int

(2) reads F-int and sees its from DIALOGUE-MANAGER
(3) produces updated F-int (space-relation + coordinates)
(4) places and registers filled F-int on blackboard:

FRAME(F-int)(3):

[DOMAIN-MODEL

INTENTION: query? (who)

LOCATION: office (tenant Hanne) (coordinates (5, 2))
LOCATION: office (tenant Jgrgen) (coordinates (4, 2))
LOCATION: office (tenant Bgerge) (coordinates (3, 1))
SPACE-RELATION: beside

REFERENT: (person Paul-Dalsgaard)

LOCATION: office (tenant Paul-Dalsgaard) (coordinates (4, 1))
TIME: timestamp]
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PROCESSING(5):

NLP:

(1) wakes up when it detects registering of F-int

(2) reads F-int and sees it's from DOMAIN-MODEL
(3) produces updated F-int (intention + utterance)

(4) places and registers updated F-int on blackboard:

FRAME(F-int)(4):

[NLP

INTENTION: declarative (who)

LOCATION: office (tenant Hanne) (coordinates (5, 2))
LOCATION: office (tenant Jgrgen) (coordinates (4, 2))
LOCATION: office (tenant Bgerge) (coordinates (3, 1))
SPACE-RELATION: beside

REFERENT: (person Paul-Dalsgaard)

LOCATION: office (tenant Paul-Dalsgaard) (coordinates (4, 1))
UTTERANCE: (Bgerge, Jgrgen and Hanneffiaes are beside Paul
Dalsgaard’s fiice)

TIME: timestamp]

PROCESSING(6):

LASER:

(1) wakes up when it detects registering of F-int
(2) reads F-int and sees it's from DOMAIN-MODEL
(3) produces F-out (pruning + registering)

(4) places and registers F-out on blackboard:

FRAME(F-out)(1):

[LASER

INTENTION: description (pointing)
LOCATION: coordinates (5, 2)
LOCATION: coordinates (4, 2)
LOCATION: coordinates (3, 1)
SPACE-RELATION: beside
REFERENT: (person Paul-Dalsgaard)
LOCATION: coordinates (4, 1)

TIME: timestamp]

PROCESSING(7):
SPEECH-SYNTHESIZER:
(1) wakes up when it detects registering of F-int

161
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(2) reads F-int and sees it's from NLP
(3) produces F-out (pruning + registering)
places and registers F-out on blackboard:

FRAME(F-out)(2):

[SPEECH-SYNTHESIZER

INTENTION: declarative (who)

UTTERANCE: (Bgerge, Jgrgen and HannefSaes are beside Paul
Dalsgaard'’s fiice)

TIME: timestamp]

PROCESSING(8):
DIALOGUE-MANAGER:
(1) wakes up when it detects registering of F-out and F-out
(2) reads F-out and F-out and sees they are from
LASER and SPEECH-SYNTHESIZER
(3) dials and fires LASER and SPEECH-SYNTHESIZER
in a rhythmic way (synchronized)
(1) LASER reads its own F-out and fires G-out
(2) SPEECH-SYNTHESIZER reads its own F-out and fires U-out

CHAMELEON(G-out): [points (4 times)]
CHAMELEON(U-out): Bgerge, Jgrgen and Hanne'fiaes are beside Paul
Dalsgaard’s fiice.

Note that the above dialogue could also be one where CHAMELEON becomes
active and says “There are threffices beside Paul Dalsgaard’s, do you mean
to the left, in front of or to the right of his fice?” This would, of course,
involve more complex processing, especially for the dialogue manager.

4, Relation to other work

The representation of the spatial relation “beside” as given in the frame seman-
tics above is similar to what Herskovits (1986) termed a spatial proposition,

(elation namElL O $equence of ROk

where LO is an object to be localised and RO is reference object. In our example

above the LO is “Paul Dalsgaard” and the ROs are the otfi@res beside his.
Blocher and Stopp (1995) give a detailed computational model for repre-

senting and generating spatial relations for SOCCER, a system which automati-
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cally generates reports of short soccer games. Their focus is more on generating
spatial relations rather than processing them as input querie$ (1984) looks

at the area of route descriptions and how a speaker presents step-by-step relevant
route information in a 3D environment with an implementation called MOSES.
Specifically addressed is the interaction between the spatial relation and the
presentation representation used for natural language descriptions. Again, the
focus here is generating spatial relations rather than recognising them. SOCCER
and MOSES are part of a general project called VITRA (Visual TRAnNslator)
concerning the design and construction of integrated knowledge-based systems
for translating visual information into natural language descriptions (Herzog and
Wazinski 1994).

The L, project (Feldman et al. 1996) focusses on combining not only vision
and natural language modelling, but also learning. The task is to build a system
that can learn the appropriate fragment of any natural language from sentence-
picture pairs. Important lessons have been learned in the subtle semantics of
spatial language, especially sincg is multilingual (English, Mixtec, German,
Bengali, and Japanese) and spatial language is something which changes a lot
over languages. Thejlimplementation of spatial language modelling is conduct-
ed mainly in the connectionist computational framework. Situated Atrtificial
Communicators (SFB-360) (Rickheit and Wachsmuth 1996) is a collaborative
research project at the University of Bielefeld, Germany which focusses on
modelling that which a person performs when with a partner he cooperatively
solves a simple assembly task in a given situation. The object chosen is a model
airplane (Baufix) to be constructed by a robot from the components of a wooden
building kit with instructions from a human. SFB-360 includes equivalents of the
modules in CHAMELEON although there is no learning module competitor to
Topsy. What SFB-360 gains in size it may loose in integration, i.e. it is not clear
yet that all the technology from the subprojects have been fitted together and in
particular what exactly the semantic representations passed between the modules
are. The DACS process communication system currently used in CHAMELEON
is a useful product from SFB-360.

Gandalf is a communicative humanoid which interacts with users in
MultiModal dialogue through using and interpreting gestures, facial expressions,
body language and spoken dialogue (Thérisson 1997). Gandalf is an application
of an architecture calledmir which includes perceptual integration of multi-
modal events, distributed planning and decision making, layered input analysis
and motor-control with human-like characteristics and an inherent knowledge of
time. Ymir has a blackboard architecture and includes modules equivalent to
those in CHAMELEON. However, there is no vision/image processing module
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since gesture tracking is done with the use of a data glove and body tracking suit
and an eye tracker is used for detecting the user’s eye gaze. Also, Ymir has no
learning module equivalent to Topsy. Ymir’s architecture is even more distribut-
ed than CHAMELEON's with many more modules interacting with each other.
Also, Ymir's semantic representation is much more distributed with smaller
chunks of information than our frames being passed between modules.

AESOPWORLDs an integrated comprehension and generation system for
integration of vision, language and motion (Okada 1997). It includes a model of
mind consisting of nine domains according to the contents of mental activities
and five levels along the process of concept formation. The system simulates the
protagonist or fox of an AESOP fable, “the Fox and the Grapes”, and his mental
and physical behaviour are shown by graphic displays, a voice generator, and a
music generator which expresses his emotional states. AESOPWORLD has an
agent-based distributed architecture and also uses frames as semantic representa-
tions. It has many modules in common with CHAMELEON although again there
is no vision input to AESOPWORLD which uses computer graphics to depict
scenes. AESOPWORLD has an extensive planning module but conducts more
traditional planning than CHAMELEON's Topsy.

The INTERACT project (Waibel et al. 1996) involves developing Multi-
Modal Human Computer Interfaces including the modalities of speech, gesture
and pointing, eye-gaze, lip motion and facial expression, handwriting, face
recognition and tracking, and sound localisation. The main concern is with
improving recognition accuracies of modality specific component processors as
well as developing optimal combinations of multiple input signals to deduce user
intent more reliably in cross-modal speech-acts. INTERACT also uses a frame
representation for integrated semantics from gesture and speech and partial
hypotheses are developed in terms of partially filled frames. The output of the
interpreter is obtained by unifying the information contained in the partial
frames. Although Waibel et al. present good work on multimodal interfaces it is
not clear that they have developed an integrated platform which can be used for
developing multimodal applications.

5. Conclusion and futurework

We have described the architecture and implementation of CHAMELEON: an
open, distributed architecture with ten modules glued into a single platform using
the DACS communication system. Also described is the IntelliMedia WorkBench
application, a software and physical platform where a user can ask for informa-
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tion about things on a physical table and, in particular, the Campus Information
System domain. Next, we discussed the frame semantics representation of
CHAMELEON and how the query, “Who’s in theffice beside him?” is
processed through the semantics with all associated frames and module interac-
tions. More details on CHAMELEON and the IntelliMedia WorkBench can be
found in Brgndsted et al. (1998).

There are a number of avenues for future work with CHAMELEON. The
frame semantics handling of “beside” has yet to be implemented and the next
step is to move onto modelling other projective spatial relations. Also, presently
CHAMELEON provides route descriptions through laser pointing but also more
detailed verbal descriptions could be given hand-in-hand with those drawn by the
laser, mentioning “left”, “right” and other turns for routes. It is hoped that more
complex decision taking can be introduced to operate over semantic representa-
tions in the dialogue manager or blackboard using, for example, the HUGIN
software tool (Jensen F. 1996) based on Bayesian Networks (Jensen F.V. 1996).
The gesture module will be augmented so that it can handle gestures other than
pointing. Topsy will be asked to do more complex learning and processing of
input/output from frames. The microphone array has to be integrated into
CHAMELEON and set to work.

Intelligent MultiMedia will be important in the future of international
computing and media development and IntelliMedia 2000+ at Aalborg Universi-
ty, Denmark brings together the necessary ingredients from research, teaching
and links to industry to enable its successful implementation. Our CHAMELEON
platform and IntelliMedia WorkBench application are ideal for testing integrated
processing of language and vision for the future of Superinformationhighways.
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Note

1. This is because Paul Dalsgaard is more senior.
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Appendix A
Blackboard in practice

Here we show the complete blackboard (with all frames) as produced exactly by
CHAMELEON for the example dialogue given in Section 2.

Received: nlp(intention(instruction(pointing)),location(person(tb),tyffe(®)),
time(889524794))

which is passed on to dialog_manager

Received: dialog_manager(output(laser(point(coordinates(249,623))),
speech_synthesizer(utterance(“This is Torfike"))))

Calling laser: laser(point(coordinates(249,623)))

Calling speech_synthesizer: speech_synthesizer(utterance(“This is Taras)p

Received: nlp(intention(instruction(pointing)),location(person(tbm), tyffie€)),
time(889524818))

which is passed on to dialog_manager

Received: dialog_manager(output(laser(point(coordinates(278,623))),
speech_synthesizer(utterance(“This is ThomdBsed))))

Calling laser: laser(point(coordinates(278,623)))

Calling speech_synthesizer: speech_synthesizer(utterance(“This is Thdifies3)o

Received: nip(intention(query(where)),location(place(a2_221)),

time(889524831))

which is passed on to dialog_manager

Received: dialog_manager(output(laser(point(coordinates(132,500))),
speech_synthesizer(utterance(“computer room is here”))))

Calling laser: laser(point(coordinates(132,500)))

Calling speech_synthesizer: speech_synthesizer(utterance(“computer room is here”))

Received: nlp(intention(query(who)),location(this($Deixis), tyfié¢e)),
time(889524864))

which is passed on to dialog_manager

Received: dialog_manager(output(laser(point(coordinates(658,546))),
speech_synthesizer(utterance(“This is not fite, this is instrument repair”))))
Calling laser: laser(point(coordinates(658,546)))

Calling speech_synthesizer:

speech_synthesizer(utterance(“This is not fit®, this is instrument repair”))

Received: nip(intention(query(who)),location(this($Deixis),tyfiefe)),
time(889524885))
which is passed on to dialog_manager
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Received: dialog_manager(output(laser(point(coordinates(223,568))),
speech_synthesizer(utterance(“This is Patii€&’))))

Calling laser: laser(point(coordinates(223,568)))

Calling speech_synthesizer: speech_synthesizer(utterance(“This is Had¥)

Received: nlp(intention(instruction(show_route)),source(location(person(lbl),
type(dfice))),

destination(location(person(hg),typéice))),time(889524919))

which is passed on to dialog_manager

Received: dialog_manager(output(laser(route(coordinates(278,585,278,603,249,
603,220,603,197,603,197,623))),

speech_synthesizer(utterance(“This is the route from Lars Biiseoto Hannes ®
fice")))

Calling laser:
laser(route(coordinates(278,585,278,603,249,603,220,603,197,603,197,623)))
Calling speech_synthesizer:

speech_synthesizer(utterance(“This is the route from Lars B do Hannes flice”))

Received: nlp(intention(instruction(show_route)),source(location(person(pmck),
type(dfice))),destination(location(place(a2_105))),time(889524942))

which is passed on to dialog_manager

Received: dialog_manager(output(laser(route(coordinates(174,453,153,453,153,
481,153,500,153,510,153,540,153,569,153,599,153,603,184,603,197,603,220,603,
249,603,278,603,307,603,330,603,330,655,354,655,911,655,884,655,884,603,810,
603,759,603,717,603,717,570,696,570))),

speech_synthesizer(utterance(“This is the route from Pdiit® do instrument repair”))))
Calling laser: laser(route(coordinates(174,453,153,453,153,481,153,500,153,
510,153,540,153,569,153,599,153,603,184,603,197,603,220,603,249,603,278,603,
307,603,330,603,330,655,354,655,911,655,884,655,884,603,810,603,759,603,717,
603,717,570,696,570)))

Calling speech_synthesizer:

speech_synthesizer(utterance(“This is the route from Pdhite do instrument repair”))

Received: nlp(intention(instruction(pointing)),location(person(pd),tyiieé)),
time(889524958))

which is passed on to dialog_manager

Received: dialog_manager(output(laser(point(coordinates(220,585))),
speech_synthesizer(utterance(“This is Patii€&’))))
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Introduction

This paper describes some of the work being carried out by the IME (Interaction
with Modelled Environments) group at NOUS on the SONAS system. We
describe the theoretical foundations of the system, and discuss the research being
carried out in the area of natural language and vision integration. Finally, we
give a description of the general architecture of the current SONAS implementa-
tion. The primary aim of this research is to develop a system for navigating and
interacting with a 3D environment through spoken natural language, gesture,
hand-written characters/icons, and whatever other modes emerge.

Motivation

Over the last 40 years computer systems have developed at a staggering rate in
both power and complexity. This development has given modern computer users
access to massive amounts of information. Indeed, the modern user has so much
information at their fingertips that it is becoming difficult for them to extract the
desired information from the deluge that is presented to them.

The primary cause of this is that very little progress has been made in
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developing machines that are able to interact and present information in a
manner that is natural to the user. For this reason the development of simpler
and more natural interfaces is becoming increasingly important.

Human perceptual skills are quite remarkable and largely under-utilised in
current information and computing systems. Humans are expert at communicat-
ing through multiple modalities, switching from one to another or combining
several as the situation requires. The future of computer interfaces is systems that
allow the user to express queries and interact with the system in such a multi-
modal manner. Such an interface should allow the user to concentrate on the
tasks they are trying to accomplish, as opposed to grappling with the idiosyncra-
sies of a particular interface. With such designs, it is hoped that the current flood
of data can be turned into a productive river of knowledge.

Natural Language I nterfaces & 3D environments

Natural Language is a primary communication medium for humans; however, to
date, it is a medium that has been ignored by the majority of computer systems
interfaces.

This mode of interaction would be particularly useful when navigating and
interacting with 3D environments. In most systems that deal with these environ-
ments the user navigates through the world using specially designed hardware.
Usually these devices are extremely expensive, cumbersome to use, and more
often than not the users’ ability to directly manipulate objects in the world is
extremely restricted.

On the other hand, in such a situation a natural language interface complete-
ly avoids these problems. This is due to the ease of use it offers, the lack of need
for specialised hardware, and the ability it offers the user to convey information
with changing accuracy and on different levels of abstraction.

The relatively primitive state of present day natural language interfaces is no
doubt due to the complexity of the problem of formalising language sufficiently
to accommodate peoples use of it. We believe that by concentrating on a
restricted domain and finding generalised rules within that domain, is the
appropriate course of action in the face of the obvious intractability of a totally
complete system for natural language processing.

Specifically, this belief is based on analogous characteristics that language
and vision share and the advantages that the marriage of these two offer.

While functionally language and vision differ enormously they share the
following characteristics (see O Nuallain & Smith, 1995):
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— A hierarchical organisation,
— A syntax—semantics division,
—  Ambiguity.

These similarities have led many researchers to believe that visual images are
closely connected to the mental models that underlie the human use of language.

The advantages of a system that links language and vision are manifold. The
visual model grounds the language and situates the dialogue in time and space,
thus references can almost always be constrained by locality. Also in such a
system the model of the world is in some sense closed. This gives us the ability
to exhaustively represent certain properties of objects in the world. This exhaus-
tive representation allows a planner to ignore possible effects of the frame
problem. In addition, the system has ability to give the user immediate feedback
about how it understands what is being said. This is an enormous advantage and
addresses a major drawback of more traditional natural language interfaces that
was highlighted by Dennett(1991, p57-58):

Surely a major source of widespread scepticism about “machine understand-
ing” of natural language is that such systems almost never avail themselves of
anything like a visual workspace in which to parse of analyse the input. If they
did, the sense that they were actually understanding what they processed would
be greatly heightened (whether or not it would still be, as some insist, as
illusion). As it is, if a computer says, “| see what you mean” in response to
input, there is a strong temptation to dismiss the assertion as an obvious fraud.

However, if one wishes to claim that a natural language system has a cognitively
plausible understanding of what it is “hearing”, the system must do more than
consider the relationship between expression of a knowledge representation
language and natural language expression, but must also rely on the definition of
a referential semantics. To achieve this we associate naive physical attributes
with each object in the environment, and use these attributes as selectional
restrictions on the applicability of a verb on a object.

HCI: Overview first, zoom and filter, then details on demand

While a major part of our work is directed towards the development of NLP
input to the system, we are also extremely interested in utilising and organising
input from and feedback to the user through other modalities, especially vision.

The design of the visual front end has be based on Ben Schneiderman’s
mantra of “overview first, zoom and filter, the details on demand.”
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There are two visual displays in the user interface: a 2D-overview map of
the world and a 3D OpenGL viewer which displays the location in the world
where the viewer is currently situated.

The user can position themselves in the world through the 2D overview
map, inputting instructions through mouse, language, gesture or a combination of
these. The result of this input is displayed as a scene change in the OpenGL 3D
environment. If the user wishes to interact directly with any object that they
come across in the world, they can do so again through multiple modalities. It is
this process of object manipulation that we discuss in the next section.

Background: The Spoken Image System

In the Spoken Image project, the predecessor to the SONAS system, a three-
dimensional view of a physical environment is always present on the screen, seen
through the eyes of a user agent that moves around and modifies the world in
response to the user’s utterance’s and gestures. The goal of the project was a
system that anyone could use without training to quickly build a house or a town
scene, modifying almost any of the details until it is exactly as the user has
envisioned it.

The original project was developed at the NRC, Canada. This system takes
natural language input via the keyboard. The Alvey Natural Language Toolkit is
then used for the initial stages of the linguistic analysis. The output of the ANLT
parser is a logical form representation of the English input, which forms the
basis for further interpretation in the system. The physical model against which
linguistic propositions are evaluated, and in which most actions are carried out,
is built from the data structures that directly support the three-dimensional
graphical display. Elements of any particular scene are instances of classes in an
object-oriented system implemented in C++. The way the physical model is
linked with the interpretation of the logical form expressions is conceptually
simple. Word-senses are defined as instances in another object-oriented hierar-
chy, whose classes group concepts and grammatical operators. Each class has its
own interpretation methods, which can be made as specific as needed. The
instances of any model class are the actual objects that appear in a world —
none of the model classes have instances until a world is created or loaded.

A world can contain several ‘viewers’, and the user can ask to look through
the eyes of any viewer in the scene. The currently selected viewer is the one that
responds to instructions to move and look around, while the ‘bodies’ of the other
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viewers appear in the world where they were most recently abandoned. This
system was single user, and lacked provision for gestural and spoken input.

The SONAS system

The SONAS system, the successor to Spoken Image, is an Intelligent Multimedia
multi-user system that uses a synergistic combination of several input modalities.
The system facilitates advanced human computer interaction methodologies such
as natural language and gesture interfaces. The environment the user finds
themselves in is a model of a town. The project is a feasibility test-bed for
several theories ranging from the design of computer interfaces with virtual
environments and intelligent agents to theories on the pragmatic interpretation of
spatial language.

One goal of the system is the manipulation of objects in a 3D environment
using natural language. To achieve this the system must be able to interpret and
react to the input of telic action phrases. For example, consider the input,

Put the book on the table.

The user should see “the book” moving onto the table. However, before this can
happen several stages of processing must be gone through.

Firstly the phrase must be parsed and broken down into the Figure “the
book”, the reference object “the table”, the action “Put”, and the spatial relation
“on”. This is achieved using a parser and lexicon that was developed for the
system (see Anibaldi and O’Nuallain 2000 in this volume).

Next, we search the visual model for the figure and reference objects.
Elements in the model are instances of an Object Oriented C++ class hierarchy
that have been inserted into a scene graph. The 3D model of world is rendered
using OpenGL and the OpenGL Utility Library (GLU/GLUT). During the
OpenGL event loop the system traverses through scene graph invoking each
object’s display function. When searching for an object we step through the
graph checking each object’s attributes against our search criteria (e.g. Object
Name, Colour). During the design of this class hierarchy we distinguished
between object physical attributes that remain constant throughout an object’s life
e.g. Mass, and object states that can change over time, e.g. World Location
(Figure 1) A Telic Action when applied to an object changes its temporally
dependent state without changing its attributes:
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Temporal
Iﬂgat‘lntTime
Relation Event
Geo-Concept Objectl; Relational_State InitState
Geo-Concept Object2; Relational_State FinState
Boolean Relation(Obj1, ...); \
Collective Action
\ Float Times][]; Agent AgName;
Relational_State \
***Motion
Point[] MotFunc(InitPoint, FinPoint, Geo-Concept);
Physical
Char * Name;
Char * RefNum float Mass;
Point Shape[];

Char * energy_state;
[Solid/Liquid/Gas]
Integer Color[3];

Physical_State

Point WorldLocation;

Boolean Supporting;

Physical ObjSupported([];

Boolean Supported;

Physical SupportingObj;

Char * energy_state; [Solid/Liquid/Gas]
Boolean Anchored;

User
Char* Password

WorldObject

Agent

Figure 1. Classes derived from the Temporal Class
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TelicAction (Object.Attribute + Object.State[}) Object.Attribute +
Object.State

Once the Theme and Reference have been identified, an instance of the appropri-
ate telic action class is instantiated.

Due to the incredible gradation in natural language (e.g. push, slide, stack),
we must develop a separate motion class to deal with each telic action (Fig-
ure 2). These motion classes each have a function that takes a geometrical
conceptualisation of the action theme, the initial world location of the theme and
the final world location of the theme as parameters and returns an array of points
representing the path that the theme must take to mimic the action. Each telic
action class inherits from one of these motion classes and uses these functions
when calculating the transform to be applied to the action theme (Figure 3).
However, not only must the Telic Action classes cause a change in the visual
environment which resembles the real world action they mimic, but they must
also check that the final state spatial relation between the theme and the refer-
ence object is valid with respect to the physical attributes of the objects involved.
The Telic Action base class has an instance of the agent class (usually the user’s

General form of théotion class set.

Motion
Point[] MotFunc(InitPoint, FinPoint, Geo-Concept, ...);

Some examples of Motion classes in the hierarchy.

StackMotion
Point[] StackFunc(InitPoint, FinPoint, Point);

SlideMotion
Point[] SlideFunc(InitPoint, FinPoint, Point, Surface)

Figure 2.General Form of the Motion Classes
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SlideMotion Action
Point[] SlideFunc(InitPoint, FinPoint, Point, Surface) Agent AgName;
\ 4
Telic_Action
WorldObject Theme;

WorldObject Reference;
Relational_State Goal = Final_Statg;

SlideAlong

Figure 3. The derivation of a specific Telic Action class

avatar), instances of the Relational State classes, namely Initial State, Final State,
and Goal State (which in the case of a Telic Action is equal to the Final State)
and instances of the WorldObject classes representing the Reference and Figure
of the action as attributes. In our approach to analysing the semantic meaning of
a spatial expression we agree with the multiple relations model as proposed in
[Herskovits, 1986]. This is a multilayer approach where a spatial relation is
considered from a conceptual and semantic level.

At the conceptual level, the objects involved in the action are considered
with respect to their position in the physical ontology of objects. Here the
physical attributes of the objects are checked against the selectional restrictions
associated with the verb. In the SONAS system, this is achieved by checking the
Physical Attributes of the WorldObject Attributes representing the Figure and
Reference against restrictions associated with the verb. If the Physical Attributes
of the Figure and Reference are found to be consistent with the selectional
restrictions on the verb, we then proceed with the semantic layer of analysis.

At the semantic level in the Herskovits approach, the Reference and Figure
objects are reduced to geometric conceptualisations (Point, Line, Plane etc). Also
there is an ideal meaning for each preposition. These ideal meanings are relations
between two or more geometric concepts. Examples of these ideal meanings are
coincidence of points and contiguity of two surfaces. A set of use types for each
preposition is derived from ideal meaning by applying adaptations and shifts
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which are dependent upon which geometric concepts the Reference and Figure
have been reduced to (Figure 4).

Geometric
Reference L | conceptualisations Use Types
Obied Point
- Line

(FJlg}Jre Plane
Spatial ject Volume
Locative / etc
Expression

Ideal Meanings
Coincidence of
points,
Contiguity of
two surface,
Etc.

Transformation applied to the Ideal meanings df
a preposition caused by the conceptualisation
the Reference and Figure objects results in the
creation of the set of Use Types.

This set of Use Type classes is reflected in the
class hierarchy by the set of Relation classes.

=

Figure 4. The conceptual composition of a spatial locative expression at the semantic level
in the Herskovits ontology

In the SONAS system the Use Types level of abstraction in the Herskovits
ontology is reflected in the set of relational classes in the class hierarchy (Figures
5 and 7). The initial state and final state attributes of the telic action are instanc-
es of these relational classes; these are used in conjunction with the Motion
classes function to compute the Translation required for the action. This is then
applied to the Figure object causing values in the Theme Object’'s Physical State
to be altered. The next time through the event loop the changed state values causes
the object’s display function to update the scene in response to the user input.

Theclass hierarchy

These classes reflect the geometric forms that the Figure and Reference objects
are reduced to at the Semantic layer of analysis.
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Temporal < Entity User

float IntTime Char* Passwori
/ 1

Physical

Char * Name;

Char * RefNum;
float Mass;

Point Shape[];

Char * energy_state;
[Solid/Liquid/Gas] -
Integer Colour[3]; ***Relation
Geo-Concept Objectl,;
Geo-Concept Object2;

Geo-Conceptualisation Boolean Relation(Obj1, ...);
Integer Dimension;

(*** General form of a set of classes)

Figure 5. Base classes (Abstract)

Geo-Conceptualisation
Integer Dimension;

Point
Dimension = 1; Y Volume
Double x; AL Dimension = 3;
Double y; Dimension = 2; Double cubic_Metres;
Double z; Float are; -
Line Fuzzy_Area
Dimension = 2; Float StatFunc(Point);
Point Start; \ 4
Point Finish; Surfaces
Float Slope; Float Width;
Float Height;
Point Centre;

Figure 6. The Geometric Conceptualisation classes
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Relation

Geo-Concept Objectl;
Geo-Concept Object2;

Boolean Relation(Obj1, ...);

Some examples of Relation classes in the hierarchy.

Coincidence_of_points Contiguity _of _two_surfaces
Point Reference; Surface Reference;

Point Figure; Surface Figure;

Boolean CoinPoints(Ref, Fig); Boolean Cont2Surf(Ref, Fig);

Figure 7. General form of the Relation class set. This set of classes represent the Use Type
level of abstraction in the Herskovits ontology

SONAS as a Multimodal System

Much of the impetus for the SONAS has its roots in the prevailing HCI para-
digm. For this reason the system has been designed to have multimodal capabili-
ties. The ultimate goal of multimodal user interfaces is the increased transparency
of computational devices to end users. While Natural language input represents
the most obvious target of exploitation for designers of such systems in the
physical world, people often find difficulty expressing complex series of actions
in spoken form. Yet we can express such actions with ease through the medium
of gesture, or ‘actually doing it’. Thus gesture is a useful element to add to
multimodal access, and a practically indispensable one when modelling spatial
environments.

Either modality on its own has strengths and weaknesses, but the two
together should provide a medium rich enough to express most, if not all, of the
instructions that a non-technically proficient user would wish to express to an
information system. The increase in complexity for the developer of such
applications is considerable, however, when we grant the user the ability to
arbitrarily combine gesture and speech when interacting.
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SONAS General Architecture

The Sonas system is built upon the Open Agent Architecture developed at SRI.
The OAA provides a general ontology for the development of distributed agent
applications, in addition to the ‘Facilitator’ software, which as a first cut can be
described as the middle-ware that provides inter-agent communication services.
The Facilitator also maintains a blackboard, which agents may write data to and
read data from. The data on the blackboard is stored in Horn clause form;
functor(arg,arg...) e.g. noun([phone_number,’phone number’]) encodes that there
is a noun whose written form is ‘phone number’ which refers to the symbol
phone_number.

Upon connection to the Facilitator, the agent must declare the services that
it provides. Such services are referred to as ‘solvables’ in keeping with the
Prolog-inspired nomenclature. Such solvables also define the interface to the
agent, and generally reveal their purpose upon inspection. For instance, say(Text)
is a solvable declared by a text to speech agent, and its purpose and effect is
immediately obvious from its form.

Agents provide solvables, and may also issue solve requests. To do this an
agent formulates the goal that it needs solved (a goal may be the retrieval of
information or the performance of a task) and passes it to the facilitator. The
facilitator then uses its database of solvables to decide which agent can provide
the needed services. It then sends the solve request to that agent, and upon
completion of the task, it returns the solution to the original agent.

Typical interactions involve many such exchanges between members of the
agent community. Additionally, the facilitator provides a backtracking mechanism
similar to Prolog’s. The ‘language’ which agents communicate in is referred to
as the Interagent Communication Language (ICL); basically it consists of horn-
clauses and has few reserved symbols.

Sonas Architecture

An agent-based system is best viewed as a community of uncoupled software
entities capable of communicating with one another. The agents in the Sonas
system are:

— World Server — OpenGL 3D VR environment. This entity provides the
final context in which users’ spatial instructions are executed. Also provides
a stream of hand gestures.
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World Client — Manages the rendering of the virtual environment on the
user’s screen. For performance reasons, this agent handles the rendering of
the virtual hand in the world, and also provides a stream of gestures, such
as ‘grab’, ‘drop’, ‘move in direction A, ‘pointing in direction B’.

ViaVoice — Speech recognition services provided by IBM’'s ViaVoice,
integrated into Sonas via an Agent wrapper which automatically updates the
vocabulary of recognisable words to match the vocabulary on the black-
board.

TextToSpeech — Multivoice Speech synthesiser accepts its input from the
serial port.

Handwriting — Neural Network based hand-written character/icon recogni-
tion.

Query Management — Agent which manages the interpretation and solution
of user requests.

WWW DB — Agent which is web-aware and can retrieve information from
web pages in response to requests.

Main Interface — Main on-screen Ul.

Camera Agent: Vision system with digital camera on top of the monitor
identifies the user currently sitting at the keyboard.

User Agent: An agent which maintains a DB of user-specific information,
also manages the user’s appearance in the 3D worlds (avatar).

Embodied Agents: Agents which provide services but which also have a
physical embodiment in the VR world. (E.g. a calendar agent which tracks
a user’s appointments would appear as a calendar hanging on the wall of
the user’s virtual office). Provision is made for such agents so that in future
such agents may attach to the world and be represented therein as easily as
agents can join the OAA agent community itself.

Notification Agent: Manages the delivery of messages to users, and the
processing of requests such as “When email about hard-drives arrives,
notify me immediately”.

Telephony agent: provides the facility of sending text messages to GSM
mobile phones, generally at the behest of the notification agent.

Spatial Expertise Parser: NL parser with detailed ontology regarding spatial
prepositions.

Email Agent: Sends, retrieves and filters email.

Calendar agent: Stores information on appointments.

Merge Agent: Combines input streams from the various input modalities
and produces a disambiguated stream of horn clauses representing user
input.
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— FileSystem Agent: Provides an interface to the user’s computer account (in
the Unix sense), also provides the 3D world with a representation of the
directory structure based at the users home directory, with an emphasis on
permitting the user to access his/her documents through the medium of the
3D world. The file system agent integrates natural language at a low level
in the process of document search and retrieval, so that requests such as
“Get me the document about security” are handled with ease.

— Neurologic Agent: This agent is a hybrid system consisting of series of
modular neural networks coupled with symbolic logic module. The ANNs
have access to the data arriving at the various modalities and may create
associations in the traditional Hebbian manner.

— NL generation agent — converts ICL horn clauses to natural language prior
to delivery to the user.
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Designing Real-Time Software Advisors
for 3D Spatial Operations

Mike and Ann Eisenberg
University of Colorado

Introduction: Educational softwareto support mathematical visualization

It is a common observation among mathematicians and scientists that the ability
to reason “visually” is an important element — perhapse most important
element — of their intellectual personality. Hadamard (1949), in a classic study
of mathematical thinking, noted of himself that “I insist that words are totally
absent from my mind when | really think”. (p. 75) He illustrated the point with
an account of his understanding of a proof in number theory, accompanied by
“strange and cloudy imagery”. (p.77) In a similar vein Fomenko (1994), in a
recent book on geometry and topology, writes “It happens rather frequently that
the proof of one or another mathematical fact can at first be ‘seen’, and only
after that (and following this visual idea) can we present a logically consistent
formulation....” (p.vii); while the renowned mathematical physicist Stanislaw
Ulam observed that “It is one thing to know about physics abstractly, and quite
another to have a practical encounter with problems directly connected with
experimental data... | found out that the main ability to have was a visual, and
also an almost tactile, way to imagine the physical situations, rather than a
merely logical picture of the problems... Very few mathematicians seem to
possess (such an imagination) to any great degree” (quoted in Cooper 1989,
p. 15). Such observations are found often among scientists and engineers as well:
Miller (1984) devotes a marvelous book to the way in which physicists such as
Einstein and Boltzmann employed visual imagery in their thought processes,
while Ferguson, in his boolEngineering and the Mind's Ey€1992), writes
“Despite the low academic status of visual thought, it is an intrinsic and insepa-
rable part of engineering.” (p.47) In an especially intriguing interview, the
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astronomer Margaret Geller recalled of her own childhood:

My father is a crystallographer.... He had an attraction for any kind of toy that
had anything to do with geometry.... (T)here were toys where you could
connect flat shapes up with rubber bands to make solid figures. He bought me
that, and he’'d explain to me the relationship between things that | built and
things in the world. For example, I'd make a cube, and he’'d explain to me the
relationship between that and the structure of table salt. And I'd make an
icosahedron, and he’'d explain how you see that in the real world.... | would
be able to visualize in 3-D. And | realize now — I've talked to lots of people

in science — that very few people have that ability. (Lightman and Brawer
1990, p. 361)

While the theme of visual (or more broadly visuospatial) thinking is often struck
in the discourse of mathematicians and scientists, trying to pin down just what
this notion might mean is flicult. Geometers and topologists may generate a
body of introspective folklore about their own mental operations; but cognitive
scientists, in attempting to treat the topic rigorously, are faced with a host of
puzzles relating to topics such as mental imagery, visual memory, the relation-
ship between the senses of vision and touch, the relationship between visual and
linguistic cognition, and many more.

This paper is not the occasion for an attempt to sort out, or even summarize,
the myriad questions over what “mathematical visualization” might be, or what
role it plays in mathematical cognition and education. Nonetheless, it is worth
mentioning that there is some evidence (besides the purely anecdotal) that spatial
thinking is an identifiable component of human intelligence (Gardner 1983); that
it is an important predictor of success in college physics courses (Siemankowski
and McKnight 1971); and that certain types of abilities linked with spatial
thinking may be taught (see, for instance, Brinkmann’'s (1966) report of a
curriculum for teaching visual thinking, or Olson’s work in developing an
educational toy to help teach very young children the often-problematic concept
of diagonality (Olson 1970)). It is our firm belief that — consistent with the
folklore — much of mathematical thinking is indeed distinctly visual in nature,
and that mathematical education would therefore profit from a greater emphasis
on activities that strengthen and exercise visual and spatial reasoning.

That said, however, there are delicate pedagogical questions about how to
help students develop such reasoning abilities. It would certainly be possible to
create “visual workbooks”, or drill-and-practice software systems, focusing
perhaps on the types of problems (e.g., mental-rotation tasks) typical of standard-
ized psychological tests of visual thinking. While sucffogs may prove
effective in raising students’ test scores, it is our belief that they would prove



DESIGNING REAL-TIME SOFTWARE ADVISORS 187

equally dfective in destroying any sense of enjoyment, creativity, or personal
expression that students might feel in their mathematical work. Indeed, as with
so many other forts in skill-training, “visual drill-and-practice” runs the risk of
placing the cart of skill acquisition before the horse of motivation: students might
well learn to perform visual tasks while growing to detest (or at best tolerate) the
context in which the learning is taking place.

In contrast, we believe that it is possible to create educational software
environments in support of mathematical activities that are rich in important
ideas and content, intensely visual in nature, and respectful of students’ powers
of self-expression. Over the past five years, we have developed a software
application named HyperGami (Eisenberg and Nishioka 1997) which reflects this
educational philosophy. HyperGami is a system with which students (and adults)
are able to create customized polyhedral models and sculptures in paper. As
such, it might be characterized as a “constructionist” (Papert 1991) mathematical
application — i.e., one that encourages students to create and design mathemati-
cal objects.

This paper is not about HyperGami in its current instantiation. Rather, this
paper is devoted to relatively recent work that we have begun with an eye toward
augmenting the “basic” HyperGami program with additional tools to assist
students in thinking more creatively or productively about the polyhedral forms
that they can build in the system. Much of our motivation in this regard has
come from observing students (and ourselves) using HyperGami and noting a
variety of interesting patterns regarding the ease fhicdity that people have in
thinking about polyhedra — in seeing the symmetries inherent in shapes, seeing
the relationships between distinct shapes, even seeing the aesthetic or engineering
possibilities &orded by particular shapes. The work that we have begun is
eventually aimed toward providing useful online “advice”, supplied by the
HyperGami program itself, and encouraging students to think in potentially new
or unexpected ways about polyhedra and the manner in which they may be
altered or customized.

The second section of this paper gives a very brief outline of the Hyper-
Gami system by way of background. In the third section, we discuss the notion
of what it might mean to think creatively or powerfully about polyhedral shapes;
and in the fourth section we describe our current work in developing software
“advisors” to assist students in developing such thinking skills. The fifthfiaatl
section of the paper describes our plans for extending this work in the near future, as
well as speculation about where thesoes might lead in the longer term.
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Figure 1. The HyperGami screen in the course of a sample project
Hyper Gami: A brief overview

HyperGami is a software application written by the authors in the MacScheme
dialect of Lisp (S1); it runs on all color Macintosh machines with at least 16M

of memory. Figure 1 depicts the HyperGami screen in the course of a sample
project (here, creating a cube that has been truncated at one vertex). In the
figure, the user has selected (from the Polyhedra palette toward the bottom of the
screen) a cube as a starting shape. The user then brings up the “Change Solid”
window which includes a variety of iconic representations of operations that may
be performed upon solid shapes. Here, the user has selected the “truncate solid
at vertex” icon; this selection causes a sample Scheme language expression to
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appear in the transcript window at the top of the figure. When this expression is
evaluated, the user generates a new solid shape; this shape may then be “unfold-
ed” to produce both the solid form shown in the ThreeD window at bottom right,
and the folding pattern (also known as a folding net) in the TwoD window at
upper right. In the figure, the user has shaded in several faces of the folding net
on the screen.

Much more detail about the HyperGami system — and the wealth of
polyhedral forms and sculptures that may be created with the program — can be
found in Eisenberg and Nishioka (1997). The figure and description above,
however, should serve to indicate the basic idea behind the program: namely,
that the student may design new three-dimensional shapes on the screen by
applying functions (such as the “truncation” function) to pre-existing shapes.
Once a new 3D solid has been created, the program will attempt to create a
folding net for the shape; this net may now be decorated through a variety of
means (including Scheme language expressions), printed out and folded into an
attractive tangible model. By way of illustration, Figure 2 shows two examples
of polyhedral figures designed with HyperGami (both are relatively complex
shapes, constructed from multiple pieces).

Figure 2. Two HyperGami polyhedra: a variant of the regular icosahedron (left), and a
great stellated dodecahedron (right).
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How does one come to under stand polyhedra?

The previous section summarized the HyperGami application and suggested the
(immense) range of polyhedra that can be produced in the system. While these
shapes and sculptures have an undeniable appeal, they leave an important
guestion unresolved — namely, that of mathematical content. To put the matter
another way: why should these shapes have importance for mathematicians,
scientists, and engineers; and what are the important ideas or themes that we as
educators should stress in discussing these shapes with our students?

There are several types of answer to these questions. One style of response
stresses the occurrence of polyhedral forms in nature: the tetrahedral arrangement
of the bonds of carbon, the space-filling forms of crystallography, the geodesic-
dome-like shape of certain microorganisms (Cf. Senechal 1988). This style of
answer might be called “naturalistic”: it emphasizes the surprisingly ubiquitous
character of polyhedra in the world and (by implication) would encourage
students to develop familiarity with the shapes, as a bird watcher might learn the
identities of so many songbirds. A related theme — one that naturally accompa-
nies this urge toward easy familiarity with shapes — is the notion of developing
a “taxonomy” of shapes, spotting a family resemblance between distinct polyhe-
dra. This is a theme that one often encounters in mathematical writing on the
subject: the classical polyhedra are related to each other by a variety of opera-
tions including stellation, vertex and edge truncation, taking the dual of a solid
(identifying the faces of one with the vertices of another, and vice versa),
“capping” of faces, and so forth. Finding such relationships between shapes is an
activity with an ancient pedigree: the fifteenth book of Euclid’s Elements (added
after Euclid’s death) described the inscription of a cube inside an octahedron and
vice versa (Coxeter 1973, p. 30); while (according to Senechal (1988)), the 16th-
century goldsmith Wenzel Jammitzer wrote a book entitRatspectiva Cor-
porum Regulariumin which “each of the five regular solids is presented in
exquisite variation.” (p.11) Among contemporary authors, Loeb (1991), for
instance, writes in the introduction to his boBkace Structurethat “one aim of
the present volume is to present fundamental principles underlying this variety of
(polyhedral) structures, to show their family relationships and how they may be
transformed into one another...” (p. xix). Similarly, Holden (1971) suggests that
by truncating selected features of a solid (e.g., the corners of a cube) “(you) can
engage in a useful exercise, which will cultivate your abilities in visualizing
spacial relations and in specifying symmetries.” (p. 57)

Finding relationships between polyhedra is an indispensable way of knitting
together the huge variety of shapes encountered in nature and mathematics.
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While the HyperGami system doe$f@d students a medium in which many
such relationships may be encountered in principle (i.e., the operations of
truncation, capping, stretching and others are available to students), the program
currently dfers little guidance or advice in helping students think about the
types of operations that could be employed to transform one polyhedron into
another. The “advisors” to be described in the following section are intended to
strengthen in particular the skill of seeing the potential relationships between
polyhedra.

As an example of what this type of “seeing” entails — and before we
describe our own attempts to represent aspects of this skill in software — it is
worth looking at a vivid example of a talented seventeenth-century “visualizer”
at work. In Johannes Kepler's bodkarmonices Mundihe provides sketches of
various polyhedra, some of which suggest the author’s remarkable ability to
interpret polyhedral forms. Consider, for instance, Kepler’s interpretation of the
icosahedron. In his sketch, Kepler displays both the entire icosahedron and a
“parsing” of the shape into three portions, as suggested by the two parts of
Figure 3 below. (For a view of Kepler’s original sketch, see Cromwell (1997)).
In Kepler's interpretation of the icosahedron, the shape is composed of two
pentagonal pyramids joined onto either side of a pentagonal antiprism. By
dividing the shape in this manner — by “seeing” the icosahedron as composed
of three component shapes — Kepler is able to highlight the relationship between
the icosahedron and other, simpler shapes. (At the same time, Kepler's sketch
suggests other possible polyhedra that one might wish to construct — e.g., it
would be interesting to vary his construction so that it employs a square, as
opposed to pentagonal, antiprism with two pyramidal caps.)

SN

—» A/
N

Figure 3. Kepler's “parsing” of the icosahedron (at left) into two pyramidal caps and a
central pentagonal antiprism.

Ideally, a suite of online advisors built into HyperGami should help students
work toward the type of understanding of polyhedra exhibited by Kepler. One
advisor might, e.g., suggest ways in which to “slice” polyhedra — in much the
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same manner as indicated by Kepler’s “slicing” of the icosahedron. Another
advisor might suggest likely faces for which a capping operation might be tried,
or might suggest an interesting vertex for truncation. (Compare the quote from
Holden above.) In the following section we describe our progress toward
incorporating advisors of this nature in the HyperGami program.

Several prototype advisorsfor operations on Polyhedra

To date, we have developed a small suite of advisors that can be used in
conjunction with HyperGami (and that will eventually be incorporated into the
released system). In structure, a typical advisor is a procedure which may be
invoked by the student (eventually from a HyperGami menu or palette), and
which displays suggestions about the likely applicability of a given transforma-
tion on a solid shape. Figure 4 shows the essential idea at work for one of our
operational advisors: at left, a starting shape (a truncated tetrahedron) is shown,
and we wish to know whether the operation of “capping parallel edges with an
edge” may be employed. We therefore call the appropriate advisor procedure:
this procedure takes as its input the starting solid shape, and redisplays the shape
at right with some highlighting indicating additional information. Here, one of
the hexagonal faces of the original shape has been shown with its three pairs of
parallel edges in distinct colors. Thus, the advisor has presented us with a
plausible face upon which we can place an “edge cap”, as shown in Figure 4.

N\

Figure 4. A truncated tetrahedron (left) is redisplayed with one of its hexagonal faces
highlighted to show three pairs of parallel edges (at center). At right, a new shape derived
from the truncated tetrahedron by adding an “edge cap” on the highlighted face.

In addition to the “parallel edge capping advisor”, we have developed similar
procedural tools for the following operations:
— Capping a single face with a new vertex

— Truncating a single vertex
— “Exchanging” a pair of adjacent triangular faces (as described below)
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— “Slicing” a polyhedron through the plane determined by a set of vertices
—  Obtaining the convex hull of the vertices of a (nhonconvex) solid

In every instance, the basic idea of the advisor is much as in the example shown
above: we invoke the advisor when we would like to see if there is a plausible
(or potentially interesting) use of the given operation on a starting shape.

As another example, consider employing our “slicing” advisor on the
icosahedron (the same shape dedively visualized by Kepler). In this
instance, there are actually two related advisory procedures that we may call: one
which looks for sets of four vertices composing a parallelogram that may be the
cross-section of an appropriate slice through the solid, and a second which looks
for linked sets of polyhedral edges that compose a planar shape which could be
the cross-section of a slice.

In the first instance, our slicing-advisor takes as input the icosahedron and
redisplays the shape with a highlighted rectangle as shown in Figure 5. Here, the
advisor is providing us with a (arguably non-obvious) rectangle through which
we can slice the icosahedron; once that slicing operation is performed, we have
the two halves shown toward the right of the figure.
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Figure 5. An icosahedron, redisplayed with a “slicing rectangle” at center. Note that the
upper right vertex of the highlighted rectangle is one of the hidden vertices in the view at
left. At the right, the two resulting halves of the sliced icosahedron.

In the second instance, our slicing-advisor takes the icosahedron as input and
redisplays the shape with the highlighted pentagon as shown in Figure 6. Here,
the advisor is providing us with a set of vertices, all linked by edges, through
which the icosahedron might be sliced. (Note th&edence between this piece

of advice and that shown in Figure 5: in that case, the four edges of the “slicing
rectangle” did not all appear among the edges of the icosahedron.)
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Figure 6. An icosahedron, redisplayed with a set of “slicing edges” (in this case forming a
regular pentagon) at center. The resulting slices are shown at right. (Note the similarity to
the “slicing” operation used by Kepler as represented earlier in Figure 3).

Two more examples of advisors at work may serve to indicate the general utility
of the idea. The “triangle-exchange” advisor simply looks for instances within a
starting polyhedron of two triangular faces that share an edge. Once found, these
two triangles will be suggested as a possible site for the operation shown
graphically in Figure 7. Here, the original edge between the two triangles is
removed and replaced by an edge between the (hitherto unconnected) opposite
vertices of the two faces. In the figure we see the operation of the “triangle-
exchange” advisor as applied to a capped cube. The original shape is given as
input to the advisor, which highlights the pair of adjacent triangles shown at
center, indicating that these two faces are a possible site for an exchange
operation. Once that operation is performed, we obtain the shape depicted at the
right of the figure.
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Figure 7. A capped cube (left), redisplayed with two adjacent triangles highlighted (at
center). When these two triangles are “exchanged”, their adjoining edge is removed and
replaced by an edge between the formerly unconnected vertices to form the “notched” shape
at right.

Finally, the “truncation advisor” looks for vertices in a solid such that the line
connecting the vertex with the “midpoint” of the solid is an axis of rotational
symmetry for the solid. As an example, consider once more the capped cube (as
shown again in Figure 8). Here, the advisor suggests the topmost “cap” vertex as
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a likely site for truncation, since the capped cube has fourfold rotational symme-
try about the axis joining that vertex and the center of the solid. (In contrast,
none of the other vertices of the solid has this property.) Once the truncation
operation has been performed, we obtain the shape at the right of the figure.
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Figure 8. A capped cube (at left) is redisplayed with a highlighted “top” point (at center).
After the solid is truncated at the suggested vertex we obtain the shape at right.

Ongoing work and future directions

The already-developed software advisors described above represent only one step
toward our eventual goal of building computational advisors for visual and
spatial reasoning. Some interesting HyperGami operations (such as “stretching”
shapes, or joining two shapes together at a face) have yet to be accompanied by
advisors; moreover, some interesting geometric operations (such as stellating
polyhedra) are not currently implemented in HyperGami at all. The current set
of advisors, while representing an interesting beginning, is still relatively simple:
for instance, the “slicing” advisor described in the previous section can suggest
only one slicing operation at a time, and hence only one of the two slicing
operations implicit in Kepler's parsing of the icosahedron shown in Figure 3
earlier. It would thus be desirable to extend even the current set of advisors so
that they could suggest richer variations or combinations of polyhedral opera-
tions: just to take one more example, an advisor could suggest multiple vertex
truncation operations instead of only one (as in our current implementation of the
truncation advisor).

These are short-term goals for improvement of our existing system.
Currently we are also at work in devising computational models whose purpose
is to provide a meaningful metric of the “visualizability” of solids — the
difficulty or ease with which a shape is likely to be imagined by a typical
student. As part of thisfiort, we have conducted psychological experiments to
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discover the common patterns by which students tend to orient three-dimensional
shapes when those shapes are visualized. (A preliminary description of the results
of one such experiment may be found in (Eisenberg, Nishioka, and Schreiner
1997)). It is our belief that the “orientability” of certain solids — the presence of
cues that people use to suggest a typical or standard orientation for solids —
offer important clues as to thefficulty (or ease) of visualization of solids.

In the longer term, our goal is to develop software advisors for more
complex spatial ideas. One could imagine, for instance, a “symmetry” advisor to
help students identify the various symmetry operations present in a newly-created
solid (and to suggest known solids whose symmetry group is the same as that of
the newly-created shape). An “embedded shape” advisor might draw the
student’s attention to the ways in which certain shapes may be incorporated
within others (for instance, by choosing eight particular vertices of a dodecahe-
dron, we obtain the corners of an embedded cube (Holden 1971)). Or a “polyhe-
dra database advisor” might examine a student’s newly-created polyhedron and
compare that shape to others in the same “family” (e.g., when a student first
constructs a cube, the database advisor might show a related set of more complex
prisms).

Our hope, then, is to develop a collection of educationdligative “spatial
heuristics” (in the spirit of Polya’s (1957) influential work in mathematics
education). Going beyond this, however, we would hope that our preliminary
efforts in creating spatial advisors can eventually help us to understand more
clearly the fundamental issues in cognitive science with which this paper began.
By constructing working computational models off&ctive visual thinking” —
even tentative and early models such as those described here — we believe that
we can make progress toward understanding the essential nature of mathematical
visualization.
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Notes

1. See also the many fine papers in Sutherland and Mason (1995) around this general theme.

2. More detail may be found by following the HyperGami link from the first author’s World Wide
Web page: www.cs.colorado.edu/~duck/

3. Again, see (Eisenberg, Nishioka, and Schreiner 1997) for more details.
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Using Spatial Semanticsto Discover
and Verify Diagrammatic Demonstrations
of Geometric Propositions

Robert K. Lindsay
University of Michigan

Introduction

The Logic Theorist (LT) of Newell, Shaw & Simon (1957) introduced a
computational style, the first employed in artificial intelligence. The program
sought proofs to theorems of the sentential calculus, an unquantified formal
logic. (An unquantified logic lacks the universal quantifier “for all x” and the
existential quantifier “there exists an x” present in a full predicate logic.) Axioms
and theorems were represented as uninterpreted “sentences,” that is, strings of
characters selected from a finite alphabet. The logical rules of inference, also
represented as character strings, can be applied to sentences to produce other
sentences. A proof is a sequence of rule applications that, when applied to an
initial set of sentences (axioms and previously-proved sentences), yields a
sentence that is the conclusion of the theorem. To discover this sequence of rule
applications, the program determined how the goal and givefisrell and
found rules that would reduce thatf@rence.

LT represented the mathematical system in a way that mimicked its standard
printed structure, namely one-dimensional objects (strings) with an implicit
hierarchical phrase-structure imposed by the formation rules (the grammar) of the
language. For example, one axiom-sentence iof(p) impliesp” in which the
connectives 6r” and “implies’ could be written as single characters since they
have no internal structure, but are here written as English words for clarity. The
symbol “p” in this sentence is a variable that stands for any well-formed
sentence of the logic. The reader may think of sentences as being either true or
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false and interpret the logic as showing how the connectives (interpreted as
logical operations) can combine true sentences to yield other true sentences.
However, LT had no such understanding and merely manipulated sentences
according to its rules. Parentheses indicate phrase grouping in the usual way
(e.g., implies’ connects two subphrases in the axiom above), but again this is
our interpretation, not LT's. The rules of the calculus formally define the legal
transformations of sentences that result in (i) legal substitutions of sentences for
variables, (ii) the replacement of a connective by its definition, and (iii) detach-
ment, i.e., the rule of modus ponens (“p” together withirfppliesq” allows one

to conclude “q"). Logics and other fully formal branches of mathematics use
these representations — a linear surface structure with an implicit hierarchical
phrase structure — extensively. The rules used by the Logic Theorist maintained
the syntactic constraints: they applied only to well-formed sentences and each
sentence generated was well-formed by definition.

This logic is said to be uninterpreted because the variables do not refer to
real or even abstract objects or sets of objects or any things that are related or
interacting. As noted above, as far as LT was concerned they did not even refer
to truth values. In the case of uninterpreted sentences such as those of the
sentential calculus the computational style of the Logic Theorist seems quite
natural and powerful. However, for interpreted systems such as predicate logic,
whose sentences are normally meant to refer to sets of objects with various
properties and structure, or geometry, where the sentences are intended as
descriptions of real objects in space, or most other fields of mathematics that are
“about” something, one might also represent these interpretations, i.e., the
semantics, and bring those constraints to bear on proof discovery.

Another early system, the Geometry Machine (Gelernter, 1959; Gelernter,
Hansen & Loveland, 1960) employed essentially the method of LT, but intro-
duced semantics in a limited way, by employing a heuristic to prune the set of
rule-application options to be considered. A “diagram” illustrating the theorem
was constructed by the programmer and supplied to the Geometry Machine as a
list of points and lines, represented as coordinate pairs and endpoint pairs,
respectively. The program could then determine the falsity of certain conjectures,
vis-a-vis this supplied interpretation, by examining the diagram. For example,
when it conjectured that two triangles were congruent, their perimeters in the
diagram were compared in the obvious way, by numerical computation. If the
perimeters dfered, no attempt was made to prove congruency.

Subsequent to the Geometry Machine, other work has been done in an
attempt to incorporate semantic interpretations into geometry theorem proving.
The goal of such work has in part been to reduce the space of formal operations
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and sentences by introducing heuristics to eliminate sterile paths and to focus
effort on paths that are more likely to be successful, much as the Geometry
Machine did. Most if not all of this work, however, construes the underlying
problem as one of finding proofs by computations that maintain the syntactic
constraints of a formal (linear-hierarchical) language, albeit aided by semantic
heuristics. That is, the diagrams play a secondary role.

The work reported here can best be seen as removing the formal sentences
from center stage, and placing the focus on the semantic interpretations. The
system does not produce proofs in the literal sense of mathematics, and thus
nothing it represents has the status of a mathematical theorem. To do so would
require the reconstruction of the notion of proof into entirely diagrammatic terms.
Several recentféorts by others have been made to do this but | do not have
space here to review that work or describe it in relation to my workfi&uit
to say that they dier in intent and mechanism.

The objects that are represented and manipulated in my system are not
sentences, but elements of geometric diagrams. One may argue that any represen-
tation of an element of a geometric diagram could be reduced to sentences, much
as the “diagrams” in Gelernter’s program were so represented. Indeed, one might
argue that such a representational style is the only one available to conventional
computers. | think such arguments are misguided, although at some level they
are correct, and | have made this point repeatedly elsewhere (Lindsay 1963a,
1963b, 1973, 1988, 1989, 1992, 1993, 1996, 1997; Lindsay & Kochen 1987).
Here | will merely summarize my analysis. Mathematical domains, such as
geometry, have a structure that amounts to a set of constraints on what can be
truly stated. In formal theories constraints are introduced by axioms and main-
tained by the proof procedure, all with computational objects that have linear
structure and a hierarchical syntax. Constraints can also be introduced in other
types of representations in ways that achieve the same ends. Some familiar
examples are default hierarchies and spreadsheets. Although such representations
forego the generality of formal language representation, they often exhibit large
computational advantages. Furthermore, they often closely mirror human
experience and hence human intuition, yielding greater plausibility as psychologi-
cal models.

ARCHIMEDES is a programming language that can be used to represent
geometric objects such as points, line segments, polygons and circles. The
representations consist of a rectangular pixel array (defined by numerical
coordinates), explicit links defining neighbor relations in eight directions (north,
northeast, east, etc.), and frames that identify objects by their type and also
record definitional information. The representations are constructed and processed
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in such a way that the structural properties of space (distance, direction, etc.) are
maintained. In addition, other constraints, called situation constraints, may be
stated and enforced. Situation constraints are not simply properties of space, but
are assertions about a particular diagram, such as that two specific line segments
must always be of the same length. The program can be instructed to construct
additional elements of the diagram, and can be instructed to manipulate existing
features, for example by translating an object in a given direction or rotating an
object about a given point. These manipulations are called simulation construc-
tions, and are accomplished by an algorithm that makes incremental changes
while maintaining all constraints. Finally, the program can look at what it has
constructed and what results from its manipulations and can detect certain newly
emerged properties, such as that two objects have become superimposed, or that
a new polygon has emerged by the conjoining of previously disconnected line
segments.

Thus the primitive operations of this system are not processes that recog-
nize, analyze, and manipulate linear-hierarchical formal sentences while main-
taining their grammatical structure, but are perceptual and cognitive (simulated
motor) processes that operate on structures that represent and maintain the
semantic structure of two-dimensional space.

Given this functionality, it has been possible to “demonstrate” to the
program certain propositions of geometry. Many of these were taken from the
interesting compendia by Loomis (1940) and Nelsen (1993). Examples may be
found in Lindsay (1998).

The result of this work is a system that can understand geometry in a
limited sense. It can verify that performing the manipulations while honoring the
spatial structure and maintaining the imposed situation constraints results in a
representation that establishes the truth of a proposition (such as that the
hypotenuse square of a right triangle has area equal to the sum of the areas of
the squares on the other two sides). The program’s understanding of the generali-
ty of such demonstrations is limited since it is based on observation and manipu-
lation of a particular instance of a diagram. That problem is addressed by other
computational methods that | will not describe here (see Lindsay 1998).

Discovering demonstrations
Verifying demonstrations in this fashion is a limited form of understanding that

avoids the problem of determining the manipulations that underlie the demonstra-
tion; that problem is solved by the inventor of the demonstration. The program



USING SPATIAL SEMANTICS 203

has been extended so that it can discover demonstrations by finding sequences of
manipulations that achieve a particular end. Note that the system still must be
given a goal proposition; it has no way to decide what might be an interesting
proposition to demonstrate. It must also be given the diagram appropriate to the goal.

Consider Figure 1, taken from Nelsen (1993). An instance of this diagram
was “drawn” for the program, which assigned names to the points as indicated
and then noticed, and constructed in its memory, structures corresponding to each
of the figures that were implicitly created by the construction of the major
segments.

The program noticed the following objects.

points (13): tmlkjhgfedcba)

segments (42): (fg bg eh dh fm bm en dn bj dj jn hn jm gm km dm cm In bn ¢cn
bf de cl fl al bl ck ek ak dk gj cg ch hj ae ej fj af ad cd bc ab)

triangles (14): (afb alb bcg bem blif bnj adk ade cdn cdh cnh cgm dek djm)

rectangles (2): (cgjh afje)

parallelograms (4): (bcda bmka alnd cmkd)

quadrilaterals (54): (jekm flnj dekm djmk cmdn cmjn clfm cnek cndk cgfl cgmk

cgjn ckeh cmdh ckdh cInh cmjh cdnl cdjm cdjg cgmd cked alck
alne afmk afid afmd akmd alcd akcd bndm bmcn bgen bnlf bjnl
bmcl bgcl bjnc bnlc bflc bckm bnhc bjhc bedn bedj becdm baln
balc bcka bnea bjea bnda bjda bmda)

g ¢ = (A+C, B+D)
m
d
0,D) =
(0,D)=e J . H
k
b=(A B)
0,0)=a | f=(A, 0)

Figure 1. A 2x 2 Determinant is the Area of a Parallelogram after Nelson (1993: 133)



204 ROBERT K. LINDSAY

This may appear to be a large number of objects, particularly of quadrilaterals,
in that they do not all leap out at the human observer. However, each object can
readily be found from its name and, with great care and good record keeping,
one can produce these lists from an examination of the diagram. However, some
of the objects listed above are degenerate, such as the “parallelogram cmkd”
whose vertices are collinear, that is the “parallelogram” looks like a line seg-
ment. Such “objects” are not routinely detected by human perception (or perhaps
more correctly are ignored by human cognition). The program does not cull these
degenerate cases, though to do so would be straightforward.

Once the diagram has been drawn and the program has noticed this
inventory of objects, it is given the target proposition: The area of rectangle afje
equals the sum of the areas of rectangle cgjh and parallelogram bcda. That is, the
area of the large rectangle is the area of the large parallelogram plus the area of
the small rectangle. If one assigns point a to the origin and point b to (A, B),
point c to (A+C, B+D) and d to (0, D), then the area of the large rectangle is
A x D and of the small rectangle is>BC. The 2x 2 determinant

A B ‘:
‘CD AD OBC

is the diference in the areas of the two rectangles. The proposition as stated by
Nelsen is that the value of this determinant equals the area of the large parallelo-
gram. Transforming this statement to eliminate the minus sign yields the target
proposition stated above.

Let us call the method now to be described Discover-1. It also works in
exactly the same form for other demonstrations that depend upon establishing an
area equivalence, including other examples in Lindsay (1998).

Discover-1 first attempts to see if it can verify the target from what it
knows already. It does this by consulting a list of known area-equivalences
(which initially is empty) and attempting to combine them by substitutions of
equivalences and by using the properties of symmetry and transitivity of the
equivalence relation. The knowledge of the properties of the equivalence relation
and of substitution of equals is built into the program and is not related to its
knowledge of space. Without such extra-spatial knowledge none of these “proofs
without words” could be understood (or even verified). The geometric axiom
system of Euclid includes such properties as axioms of “common notions,” and
the axiom system of Hilbert explicitly presupposes such properties as well. Thus
predicative (“verbal”) reasoning is an essential component of understanding these
demonstrations. It is also essential for understanding geometry more generally,
since predications are required for the statement of general conclusions.
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Discover-1 next examines each side of the target proposition equation. Each
object mentioned on either side is considered in turn. For each of these objects,
every possible decomposition into a set of other objects is detected, such that the
set exactly covers the initial object without overlap. For example, triangle ade
can be decomposed into triangle adk plus triangle dek.

These computations are not done algebraically, but make use of the pixel
representation and its underlying eight neighborhood relations that permit one to
find the immediate neighbors of a given pixel. The method is a “color-spreading”
iteration; see Ullman (1985). The interior of an object is marked by first labeling
the border with one “color”, say red. (This merely means that the associated
pixels are marked with a “red” tag; when the diagram is displayed on a color
monitor they in fact show as red.) Starting with an interior point of the object,
that point is colored a ffierent color, say orange, and each neighbor is exam-
ined. If a neighbor is border-colored or interior-colored already, it is ignored.
Other neighbors are colored the interior-color and added to the list of points
whose neighbors remain to be examined. The iteration continues until no more
pixels remain on that list. Notice that this procedure works for closed objects of
any shape, including non-convex polygons, circles, and any closed curve, such
as Figure 2.

It should be pointed out that the discovery of an interior point is an
interesting problem itself. This is a problem that human perception appears
readily able to solve, provided the object is not too complex. Exactly what makes
an object too complex for human perception is a matter for empirical study, but
it is easy to find non-trivial examples such as Figure 3. Unlike the simple cases
of Figures 1 and 2, where a person can immediately determine if a point is
within a given object, examining Figure 3 requires a slower, sequential analysis,
perhaps aided by pointing and tracing with a pencil.

Here Discover-1 relies on the fact that its objects are polygons. It discovers
interior points by examination of several candidates such as the intersection of
diagonals (which always works for non-degenerate convex polygons). The
general problem of finding an interior point cannot be solved by Discover-1, and
is indeed a subtle perceptual computation in the general case if the representation
is a pixel array.

The next step in finding decompositions is to determine which other objects
are contained within the putative container object. This is true of a polygon if its
vertices are now either the interior-color or the border-color. This is not a
suficient condition for complete containment (consider a non-convex container),
but partially overlapping false candidates are eliminated in the following steps.
Next, the collection of all subsets of the set of contained objects is enumerated.



206 ROBERT K. LINDSAY

Figure 2. How many closed curves are there, 0, 1, 2, or 3? Which of x, y, and z are within
one of them?

For example if there are three objects a, b, and c, there are seven non-null
subsets: {a}, {b}, {c}, {a,b}, {a,c}, {b,c}, and {a,b,c}. In general with n objects
there are 2-1 non-null subsets. Each of these subsets may or may not exactly
decompose the initial object. There may be a very large number of such subsets
to try. For example, there are nine objects that are at least partly within parallelo-
gram bcda, yielding 511 subsets to examine (excluding the null set). To cull this
large number, Discover-1 first considers the nine objects pair-wise and deter-
mines which pairs overlap; any two objects that overlap cannot both be part of
an exact decomposition. Testing for overlap is done with a color-spreading
procedure also. First the interior of one member of the pair is colored a distinct
color, say yellow, and then the second interior is colordtedgntly, say green,
but coloring stops if yellow is encountered. Culling the 511 subsets mentioned
above in this way leaves only 38 to be checked for exact fit.

This last step is done by tracing the boundary of the putative container and
then tracing the boundaries of the subset of partially contained objects, halting if
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Figure 3. How many closed curves are there, 0, 1, 2, or 3? Which of x, y, and z are within
one of them? Inspired by Minsky and Papert (1969).

the number of retracings is inconsistent with exact decomposition. The details are
given in Lindsay (1998).

The result of these steps is to produce a set of area equivalences of the
form: the area of the container equals the sum of the areas of the contained.
With these additions to the list of known area equivalences, a test is again made
to see if the target proposition follows from these by substitution, symmetry, and
transitivity.

If this fails, as it does in this example, Discover-1 determines all possible
congruencies that it sees in the diagram. For example, each pair of triangles is
considered in turn. The program determines if one can be rotated and translated
onto the other. If so, it generates the program that could demonstrate this by
using the simulation construction algorithm. This program could actually be
executed to #ect the demonstration. However, here it is assumed that the
program at this stage of its education knows that two triangles are congruent if
they have sides that are equal pair-wise in the same order. (If they are equal but
not in the same order they are still in fact congruent but one of them would have
to be flipped in three-dimensional space to achieve coincidence, and Discover-1
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does not know this because it does not know about three-dimensional space, so
it cannot generate a simulation-construction program to do this and fails to detect
this form of congruency.)

Every pair of congruent figures yields an area equivalence statement, and
these are added to the list of known equivalences. In our example, this yields
enough information to verify the target proposition.

Discussion

Discover-1 works both forward and backward, beginning with the goal proposi-
tion but then working from all present figures to see what inferences can be
made. This proves to be a successful strategy for these demonstrations. However,
Discover-1 is tailored to the kinds of operations that are useful in this and related
demonstrations, those involving establishing a relation among areas, such as in
the determinant problem and the Pythagorean Theorem. It is not a general
method for discovering demonstrations.

Different methods, Discover-2, Discover-3, and so forth, will be needed for
different classes of problems. What these methods will have in common is that
they each will construct sequences of reasoning that reduce to manipulations of
a diagram, that is, they work on the semantics of the diagram rather than the
syntax of formal propositions. Again, this is not to say that they do not also use
predicative reasoning or are not descriptive.

A more subtle question is whether these semantic methods employ predica-
tive reasoning in the diagrammatic manipulations themselves. Here again, the
answer is yes, although the predications are related to the semantics of space
rather than to the algebra of equivalence relations. | call ARCHIMEDES’
reasoning diagrammatic not to allege it is totally non-predicative, but because the
structure of space is maintained by representations of diagrams, and this structure
is used in substantive ways to make inferences.

Not all mental processes should be characterized as predicative. For example
the sophisticated and skilled perceptual-motor processes exhibited by most
mammals are more appropriately characterized as temporally continuous process-
es, albeit processes that on some occasions yield a result that can be stated as a
predication. Some manipulations of diagrams may appropriately be described as
non-predicative perceptual-like processes. Howaeasoningrefers to a special
class of cognitive mental processes that, by definition, employ explicit predications.
In most if not all cases these predications include generalizations, certainly so in
the case of mathematics. Therefore if one insists that diagrammatic computations
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be limited to non-predicative processinmyrely diagrammatic reasoningproof
without words and everdiagrammatic demonstratiomecome oxymorons. There
must be some way for the non-predicative computations to make contact with
predications if reasoning is to be done.

In addition to procedural knowledge of two-dimensional space, propositional
definitions of several types of geometric objects, and procedural knowledge of
the algebra of area-equivalence, the program has built-in knowledge of other
kinds. For example, it knows — that is, it behaves as though — translating and
rotating rigid objects does not alter their area. (Incidentally, rigidity is a situation
constraint, and the program can also manipulate non-rigid objects.) More
generally it knows — that is, it behaves as though — area, length, angle
measure, and ratios of these are independent of absolute position and orientation.
In Lindsay (1997) | elaborated on the kinds of knowledge such a system must
possess in order to do human-like geometric reasoning.

Where might this knowledge come from? In humans perhaps some was built
into our nervous systems by evolution. Other human knowledge is doubtless
induced by interacting with objects in space. Neither ARCHIMEDES nor any
other existing program that | know of is able to acquire this knowledge from
experience. The alternative chosen here was to build in knowledge as appropri-
ate. This leads to what John Holland has called the unwrapping problem of Al:
You put in the knowledge and wrap it up with a lot of code. Then you unwrap
it and say “Aha, the system knows this!” This is ultimately unsatisfying, and
eventually must be replaced with an account of how new knowledge is acquired. Of
course if one is only interested in building intelligent machines rather than under-
standing human minds it is not logically necessary that the machines be adaptive,
although in practice it may in fact be necessary for success. Viewed as a work
of psychological theory, building in knowledge is justified insofar as it describes
what knowledge is actually flicient to account for interesting human behavior.

There is no way to establish thecessityof any theory in psychology or
any other science. All that can be done is to postulate a theory and compare its
behavior to the phenomena to be explained. This research has demonstrated the
syfficiencyof a set of operations, described in functional terms, for accomplish-
ing certain tasks, namely discovering and verifying demonstrations of a certain
type. One can be far more demanding than the gross description of human
performance examined here, and even slightly more stringent demands would
soon yield clear dferences in behavior between ARCHIMEDES and humans.

The operations found flicient can be described at many levels of analysis.
At the level of function — what answers are given to what questions — they
relate to the structure of space and the semantics of diagrams. Described thus,
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they do such things as find interior points and area decompositions. Each of
these functions could be realized with a variety of methods. For example, curves
might be described algebraically and locations of points with respect to these
curves could be computed numerically or symbolically. In ARCHIMEDES they
were implemented by edge-following and color-spreading methods. Color-
spreading computations have the virtue that they apply to arbitrary closed curves
as readily as to polygons, and that is consonant with human performance even as
measured informally by self-observation. Thus color spreading methods bear a
certain degree of psychological plausibility that algebraic methods do not,
although this in and of itselfffers minimal support for psychological claims.

Having selected edge-following and color-spreading as the methods that
implement the interior finding and decomposition functions, one may still choose
among a variety of computational styles that follow edges and spread colors. In
the present work these have been implemented as pixel-array operations on a
digital computer using a list processing language. Once an implementation has
been made the operations have a certéiiciency profile (i.e., solution-time for
each problem). The same function and method (e.g., area-decomposition by
color-spreading) could be implemented irffdient ways on dierent computer
architectures, say an array processor, neural net, or brain. A fully implemented
psychological theory would be tested primarily by comparing if$ciency
profile with that of humans, using the usual methods of empirical psychology.

For example, it is not clear why finding interiors by color-spreading should
be more dificult for complex stimuli than for simple ones (compare Figure 2
and Figure 3), as alluded to above. And yet humans, even when working from
a physical display, readily get lost on complex figures and are aided by actual
pencil shading or tracing analogous to the calculations of the color spreading
method. When working from mental images rather than physical diagrams,
humans have much greateffdiulty keeping track of what has been examined,
and yet are able to do so for at least intermediate levels of complexity. A good
psychological model would posit implementations that separate the spreading
from the bookkeeping aspects of these methods and show how they respond
differentially to memory loads.

Present knowledge from cognitive neuroscience gives little assistance in
determining how such algorithms could be embodied in brain. To the extent that
the implementations are plausible as putative psychological processes by virtue
of a reasonableféiciency profile, they might serve as a guide for neuroscience
explorations. Thus it is conceivable, as the methods of cognitive neuroscience
develop, that one could seek evidence that the brain does or does not implement
these methods in specific ways with specific neural structures and functions.
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Formal Specifications of Image Schemata for
I nter operability in Geographic Information Systems

Andrew U. Frank and Martin Raubal
Technical University Vienna

Introduction

Exchange of data between GIS and interoperability éfedént vendors’ GIS
software are topics of enormous practical interest (Buehler & McKee 1996).
Unambiguous definitions are at the core of afip’ to achieve the necessary
standardization that allows data exchange and cooperatiotffefedit GIS.

Standardization of technical terms and the fundamental concepts necessary
to make computers interact is mostly achieved or can be achieved with current
tools. The abstract behavior of computerized systems can be specified in a
formal language and it requires then the checking of the compliance of the target
computer system — which is by definition also a formal system — with the
abstract formal system. This problem is not particular for GIS but general for all
computer system standardization. Théfidulties are of a practical nature and
related to the lack of formal definition of most current computer languages,
commercial interests in maintaining incompatible systems, and the rapid develop-
ment compounded with legacy systems.

The economically important and scientifically challenging question is to
describe the meaning of GIS data in terms of the real world, i.e., the so-called
semantics problemWhat does it mean that “P 271" is a point, “343a” a land
parcel, that building “A1” is on parcel “343a”, A-town is on the B-river, etc.,
and how is this meaning communicated between systems. The naive assumption
that a “rose is a rose is a rose” (Gertrude Stein) is obviously not correct: the
definitions of simple geographic propertiesffei from country to country,
despite corresponding names (Chevallier 1981; Mark 1993; Kuhn 1994).

Image schemata describe high-level, abstract structures of common situa-
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tions, most of them expressing spatial relations (Johnson 1987). Image schemata
(Johnson 1987; Lakb 1987) are the fundamental experiential elements from
which spatial meaning is constructed, but so far image schemata have mostly
resisted formal descriptions. This paper shows exemplar formalizations of image
schemata important in the geographic context (PATH) and in tabletop space
(CONTAINER, SURFACE). This investigation is, therefore, part of the quest for
naive or commonsense physics (Hayes 1978, 1985; Hobbs & Moore 1985) and
in particular for “Naive Geography” (Egenhofer & Mark 1995).

The next section argues why the formalization of spatial relations in
geographic space is crucial for further advances in the standardization and
interoperability of GIS. In Section 3 the specification of image schemata is
discussed and Section 4 describes methods to formalize image schemata.
Section 5 gives a comprehensive method — built upon linguistics — to discover
and formally describe image schemata. Section 6 explains exemplar image
schemata for geographic and tabletop space (i.e., PATH, CONTAINER, SUR-
FACE) and presents their formalizations. Section 7 presents conclusions,
discusses open questions, and suggests directions for further research.

Formalizing spatial meaning

The spatial domain — in which GIS facts are situated — is fundamental for
human living and one of the major sources for human experience (Barrow 1992).
Human language exploits the communality of spatial experience among people
and uses spatial situations metaphorically to structure purely abstract situations
in order to communicate them (Laffo& Johnson 1980; Johnson 1987). The
formalization of spatial relations has, therefore, been an active area of research
at least since 1989 (Mark et al. 1995).

Topological relations between simply connected regions were treated in
(Egenhofer 1989) and extensive work has followed from this (Egenhofer 1994).
Metric relations between point-like objects, especially cardinal directions (Frank
1991b; Frank 1991a; Freksa 1991; Hernandez 1991) and approximate distances
(Frank 1992; 196b; Hernandez et al. 1995) were discussed. Offioetsedealt
with orderings among configurations of points (Schlieder 1995) and formal
descriptions of terrain and relations in terrain (Frank et al. 1986), but formal
methods were also used to formally describe the working of administrative
systems — e.g., cadastre (Frank 1996a). Linguists have made systeffati e
to clarify the meaning of spatial prepositions (Herskovits 1986, 1997; fftako
1987). However, it remains an open question how to combine these interesting
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results within a uniform system and to apply them systematically to other
examples.

The specification of spatial relations is of great practical interest to define
spatial relations in spatial query languages unambiguously; the current plethora
of proposals for spatial relations to complete database query languages is useless
unless the relations are formally specified (which is the case for the standard
relations in SQL) (Egenhofer 1992). The formal properties are the base for query
optimization. Image schemata are considered good candidates as a foundation for
the formal definition of spatial relations. Kuhn has pointed out the importance of
image schemata as a tool to build “natural” (i.e., cognitively sound) user
interfaces for GIS (Kuhn & Frank 1991; Kuhn 1993).

Specification of image schemata

Johnson (1987) proposes that people use recurring, imaginative patterns — so-
calledimage schemata— to comprehend and structure their experiences while
moving through and interacting with their environment. Image schemata are
supposed to be pervasive, well defined, and full dfisient internal structure

to constrain people’s understanding and reasoning. They are more abstract than
mental pictures and less abstract than logical structures because they are con-
stantly operating in people’s minds while people are experiencing the world
(Kuhn & Frank 1991). An image schema can, therefore, be seen as a very
generic, maybe universal, and abstract structure that helps people to establish a
connection between fierent experiences that have this same recurring structure
in common.

Previous formal description of image schemata

Despite &orts, success in specifying spatial image schemata has been limited.
An early paper (Kuhn & Frank 1991) gave algebraic definitions for the CON-
TAINER (“in”) and SURFACE (“on”) schemata for a discussion of user
interface design. At the level of detail and for the purpose of the paper, the two
specifications were isomorphic. A recerffoet by Rodriguez and Egenhofer
(1997) introduced more operations andfelientiated the CONTAINER schema
from the SURFACE schema for small-scale space, using operations such as
remove jerk, andhas_contactand compared the application to objects in small-
scale and large-scale (geographic) space. Raubal et al. (1997) presented a
methodology based on image schemata to structure people’s wayfinding tasks.
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Image schemata were represented in the form of predicates in which the predi-
cate name referred to the image schema and the argument(s) referred to the
object(s) involved in the image schema (see also Raubal 1997).

In a recent paper (Frank 1998) formal descriptions for the small-scale-space-
image-schemata CONTAINER, SURFACE, and LINK were given and some of
the methodological diculties reviewed. The large-scale-space-image-schemata
LOCATION, PATH, REGION, and BOUNDARY were treated in (Frank &
Raubal 1998).

Definition of the concept of an image schema

The concept of image schemata is not well defined in the cognitive and linguistic
literature (Lakdf & Johnson 1980; Johnson 1987; L&k&987). Researchers in

the past have used a working definition that implied that image schemata
describe spatial (and similar physical) relations between objects. Most have
concentrated on spatial prepositions like “in”, “on”, etc., and assumed that these
relate directly to the image schemata (Freundschuh & Sharma 1996; Raubal et al.
1997; Raubal 1997).

Image schemata are seen as fundamental and independent of the type of
space and spatial experience. But a single schema can appear in multiple, closely
related situations. For example, “in” is used for a bowl of fruit (“Der Apfel ist
in der Schale.” — “The apple is in the fruit bowl.”), but also for closed contain-
ers (“Das Geld ist im Beutel.” — “The money is in the purse.”). “Prototype
effects” as described by Rosch (1973a,b, 1978) also seem to apply. For example,
different levels of detail can be selected to describe the same image schema.

Language dependence of particular image schemata

It is possible that image schemata provide language-independent building blocks
for structure and dierent languages may combine the building blockEedent-

ly; the list of image schemata overlaps with Wierzbicka’'s list of universal
language primes (Wierzbicka 1996). The obvioufedences between languages
are one important point in the culturalfifirence that hinders the use of GIS
(Campari & Frank 1995) and the problem is further aggravated by regional
differences within a language.
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Methods to for malize image schemata
Predicate calculus

Lakoff (1987) gives a definition of the CONTAINER schema using predicate
calculus. In theory, predicate calculus has all the expressive power necessary, but
it is practically limited by the frame problem, which makes succinct definition
for changes impossible (Hayes 1977; McCarthy 1985). McCarthy (1980, 1986)
proposed situation calculus with circumscription as an extension of the logical
theory to overcome this limitation.

Relations calculus

The behavior of topological relations (Egenhofer 1994; Papadias & Sellis 1994),

but also cardinal directions and approximate distances (Hernandez et al. 1995;
Freksa 1991; Frank 1992; Frank 1996b) can be analyzed using the relations
calculus (Schroder, 1895; Tarski 1941; Maddux 1991). Properties of relations are
described as the outcome of the combination (the “;” operator) of two relations.

The description abstracts away the individuals related (in comparison to the
predicate calculus) and gives a simple algebra over relations. This leads to
succinct and easy-to-read tables, as long as the combination of only a few
relations is considered.

a(R;S) c = aRb and bSc
for example: North;NorthEast = {North or NorthEast}
meet;inside = {inside, covered, overlap}

Functions

Functions are more appropriate to capture the semantics of image schemata with
respect to operations. Relation composition is replaced by function composition
(the “.” operator). In order to use this notation flexibly, a “curried” form of
function writing must be used (Bird & Wadler 1988; Bird & de Moor 1997).

f-g(x) =f(g ().

Function composition can be described by tables as well, but these grow even
faster than relation composition tables. Axiomatic descriptions as algebras are
more compact but also morefiii¢ult to read.
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Model based

A model of the scene is constructed and used for reasoning — there is some
evidence that this is also one of the methods humans apply (Ketal. 1995).

A fundamental set of operations to construct any possible state of the model and
a suficient number of “observe” operations tofférentiate any of these states
are provided. In addition, more complex operations can be constructed using the
given operations.

The simplest model is to use the constructors of the scene directly and to
represent each scene as the sequence of constructors that created it (Rodriguez
1997). This gives a (possibly executable) model for functional or relation
oriented description.

Such models can be ontological — modeling some subset of the existing
world — or they can be epistemological — modeling exclusively the human
conceptualization of the world. More than one epistemological view can follow
from an ontological model.

Tools used

Formal specifications written and checked only by human minds must be
regarded with great skepticism: humans are not particularly apt in finding errors
in formal descriptions. Forféective work, formal (computerized) tools must be
used. Two types have been used: Logic-based languages — e.g., Prolog
(Clocksin & Mellish 1981) — used for the definition of spatial terminology
(Frank et al. 1986) and for spatial relations calculus (Egenhofer 1989). Logic-
based systems must use “extralogical” operations when change is considered
(assertand retract in Prolog). Recently, functional languages (Bird & Wadler
1988) have been advocated (Frank 1994; Kuhn & Frank 1997), especially
Haskell (Peterson et al. 1997) and Gofer (Jones 1991, 1994). Allegories (a
special kind of categories) provide the theoretical structure to unify the two
approaches (Bird & de Moor 1997).

A linguistic method to discover and describe image schemata

Mark and Frank (1996) showed how image schemata can be deduced from
natural-language expressions describing geographic situations. The image schema
that has been in the speaker’s mind while making a statement can be inferred
from the preposition (e.g., in, on, under) used (Mark 1989). The same approach
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was also used by Freundschuh & Sharma (1996), Raubal et al., (1997) and Frank
(1998). A number of restrictions and assumptions are necessary to make progress
with this line of investigation:

Operational definition of image schemata

As an operational definition of image schemata we consider spatial situations as

image schemata if they can be used as a source domain for metaphorical transfer
to some target domain; this demonstrates that a commonly understood structural
content, which is independent of the specific situation, exists.

Assumption of polysemy

A single word may have multiple meanings (e.g., the English word “spring” can
be the verb “to jump”, a season, a source, etc.). We assume that polysemy helps
to initially separate what are potentially fidirent meanings of a word for
formalization. If the meanings are the same after formal description is achieved,
the assumed polysemy can be dropped.

Exclusion of partial spatial relations

Spatial relations may be partial: a pen may be partially on a sheet of paper, a
city partially in one, partially in another state or country (e.g., Niagara Falls is a
city both in Canada and the U.S.A.). At the present time such situations are
excluded from consideration and their analysis is postponed. Ongoing work by
Egenhofer (Rashid et al. 1998) tdf@rentiate situations with the same topology

by metric measures characterizing the degree of overlap etc. may answer these
guestions.

Restriction to a single level of detail and abstraction

The level of abstraction fliers depending on the requirements of the situation
(Timpf et al. 1992; Voisard & Schweppe 1994, 1997). These multiple levels of
detail play an especially important part in geographic space and make the
specification of image schematdftiult. Level of detail may be spatial subdivi-
sion, may be the consideration of additional rules, or may be the subdivision of
categories into subcategories (Jordan et al. 1998; Giunchiglia & Walsh 1992). All
these fects are excluded from this investigation.
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Different image-schematic details for geographic and tabletop spaces

We assume that image-schematic details for geographic space are separate from
image-schematic details for small-scale space (Montello 1993; Couclelis 1992).
Some of Johnson’s (1987) suggested image schemata use terminology from
geographic space (e.g., PATH), others suggest that the same image schema (e.g.,
SURFACE) is used for dlierent types of spaces. If the same terminology is
used, we assume here — for methodological reasons — polysemy.

Concentration on a single language and epistemology

The examples given here are in German (with English translations) as this is the
authors’ native language; the results can be compared with the English language
situation and some flerences observed (Herskovits 1986; Montello 1995). The
language examples are the driving force here and the concentration is on the
epistemology.

Formal specifications of image schemata for large-scale and small-scale space

This section shows examples of image-schematic formalizations for geographic
and tabletop space.

Example of formal image-schematic specification for large-scale space

The subset of reality considered here consists of some geographic-space-objects
plus the immediate relations between them. Our example focuses on the path

schema: A PATH connects locations and consists of a starting point, an endpoint

and a connection between them, as defined in (Johnson 1987).

Geographic space is rich in derived spatial relations and only when we
consider the movement of persons in the landscape preconditions and changes in
the scene — of which the person is part — must be discussed. The relations
among geographic objects are static and can, therefore, be formalized with
predicate calculus. For each given relation, a converse relation exists. Relations
are written in a prefix notation (similar to a predicate). Path (a, b) means there
exists a path from a to b. This world is closed in the logical sense (Reiter 1984):
everything is known about the scene and what is not known can be assumed to
be false. In particular, there are no unknown objects; all objects hdleratit
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names, and all relations are known or inferred from the image schemata. This is
all typically not the case in natural human discourse.

Location and relations between places

A path connects places. Wefi@irentiate between the simple “direct path” and
the “indirect path”, which consists of a sequence of “direct paths.” At this level,
different types of paths are notfiirentiated (i.e., no particulars of railways,
highways, etc., are considered).

A direct path connects locations directly, without any intervening location
(at the level of detail considered). A direct path has a start and an end location
(Figure 1a). At this level of detail there is no need to model ‘path’ as an object,
just as a relation between two places (path (a, b)).

Es gibt einen Weg von Wien nach Baden.
There is a path from Vienna to Baden.

For this environment (but not for a city with one-way streets) the path relation
is symmetric (Figure 1b):

path (a, b) = path (b, a)

O » O

Figure 1a,b. Direct path and symmetry of path relation

Path is its own converse relation:

Du kannst von Baden nach Wien fahren und am Abend wieder zuriick.
You can drive from Baden to Vienna, and back in the evening.
conv (path (a, b)) = path (b, a) = path (a, b)

It is derived from a non-redundant base relation as the symmetric completion.

An indirect (transitive) path (ind-path) connects two locations through a
sequence of direct-path-relations, such that the end location of one direct path is
the start location of the next path (Figure 2).
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ind-path (a, b) = [path (a, al) & path (al, a2) & path (a2,). & ... & path
(..., bn) & path (bn, b)]
conv (ind-path) = ind-path

Figure 2. Indirect path

The indirect path is derived using transitive closure. The details of the algorithm are
particular to deal with cyclic and bi-directional graphs as formed by path networks
and well known as the shortest path algorithm (Dijkstra 1959; Sedgewick 1983).

Persons (and other autonomous and movable objects)

Persons move to places and are then “in” the place, unless they move further:
Er ist nach Gyor gefahren; jetzt wartet er dort auf dich.
He went to Gyor; now he is waiting there for you.
scene2 = move (placel, scened)sin (place2, scene2)

If a person is found “in” place pl at time t1 and place p2 at time t2 one can
deduce a move (Figure 3):

O
oo >©

Simon war letzte Woche in der Steiermark; jetzt ist er wieder in Wien.

Ist er am Samstag oder am Sonntag nhach Hause gefahren?

Last week Simon was in Styria; now he is back in Vienna.

Did he drive home on Saturday or Sunday? (move inferred in the time in-
between)
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To move requires for a person some preconditions, unestablishes (retracts) some
facts, and establishes new facts:

move (p, a, b): in (p, a) & path (a, b)
unestablish (in (p, a)), establish (in (p, b))

A person cannot move from one place to another unless there is a path:

Du kannst von Baden nicht direkt nach Schwechat fahren; du musst tiber Wien
fahren.

You cannot drive directly from Baden to Schwechat; you have to go through
Vienna.

If the person is at an unspecified location within a region, then it is only required
that there is a path from every location in this region to the target.

Formal executable model

A formal, executable model for a complete set of relations has been written in a
functional programming language. Thefatulties of coding have mostly to do
with finding consistent conventions to name all the relations. Most rules can be
written as equations between relations and relation-transforming functions — i.e.,
point-free in the categorical sense (Bird & de Moor 1997) — and the formulae
are valid for any scene.

Example of formal image-schematic specification for small-scale space

In the second case study — tabletop space — we concentrate orffdiné- a
ability of movement. Again, for each relation we have a convéasgonv Rel)
b = b Rel a).The spatial relations and their converses are interpreted as Boolean
functionsfRel (a, b) - Bool, or functions that return for an object the relatum
fRel (a) -~ b = a Rel h We say that an objegiarticipatesin a spatial relation
Relif the correspondindgRelreturns an object (this is equivalentib: a Rel B.

We consider the following image schemata for small-scale (tabletop) space:

a. CONTAINER: A CONTAINER has an inside, an outside, and a boundary.
b. SURFACE: The SURFACE schema is used to describe the support of
objects.

We focus on the common-sense spatial reasoning conclusions from the relations
“in” (CONTAINER) and “auf’ (SURFACE) between an object and a relatum,
and the operations to establish such relatianeveln, move Auf
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“In” blocks target of movement
An object cannot be moved to a target if this is already in another object
(Figure 4). This is justified by situations such as:

x ‘in’y (in scene)d blocked (move z into x (in scene))

Du musst den Beutel zuerst aus der Tasche nehmen, bevor du die Minze
hineingeben kannst.

You must take the purse out of the pocket to put the coin in.

O —x
ﬁ:QBOX

% Cube

< [Label

Figure 4. Cube is in box. Not permitted: paste label on cube

Converse of “auf” blocks object of movement
“Auf” blocks the movement of the supporting object (Figure 5). It cannot be
moved unless the object “auf” it is removed.

x ‘auf’y (in scene)] blocked (move y in scene)

Teller und Glaser sind auf dem Tisch. Wir miissen den Tisch zuerst abraumen,
bevor wir ihn auf die andere Seite des Zimmers bringen kénnen.

Plates and glasses are on the table. We have to remove all objects from the
table, before we can move it to the other side of the room.

Formal model

A function composition model can be constructed and the rules listed are directly
coded. The central operation “move” for one example given with the arguments:
relation type, object, target, scene is shown below;
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X >

Figure 5. Cube is on (auf) box. Not possible: move box

moveiab s

iffRel'lInbs  —rule 7.2 : in blocks target of movement
then error (“in blocked: already in”)

moveiabs

Conclusions, open questions and future work

Formal descriptions of spatial relations as encountered in everyday life are very
important for GIS. They can be used to formally define query language predi-

cates and to optimize the execution of spatial queries. They are crucial for the
specification of spatial data exchange formats and GIS interoperability standards.

Most previous forts to analyze spatial relations have used relation calculus
and have concentrated on spatial relations that are amenable to this treatment.
The extension of relation calculus to a function calculus is discussed here,
linking two previously unconnected tools. The two tools are not fsrdint and
their conceptual merging can be found in category theory (Barr & Wells 1990;
Herring et al. 1990; Asperti & Longo 1991; Walters 1991). Function composition
tables can be used similarly to relation composition tables; they show patterns
that can then be succinctly formulated as rules.

In this paper we applied a linguistic method based on prepositions to
describe image schemata. We showed examples for large-scale and small-scale
space and presented them in a formal way. With this approach common-sense
knowledge about the environment considered is captured in a strong set of
implications following from individual relations.

Many open questions still remain and should be considered for further research:
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Methodological

The method used here is borrowed from linguistics. For linguistic demonstra-
tions, a single utterance that is acceptable by a native speakeffiesu to
demonstrate the existence of a construct. Is a single commonsense reasoning
chain as given here fiicient? It documents that at least one situation exists
where the suggested spatial inference is made — thus it demonstrates at least one
aspect of a spatial relation in (one human’s) cognition. In order to verify the
universality of such spatial inference mechanisms, extended human subjects
testing among people with fiierent native languages is needed.

Language-independent primitives

Can language-independent primitives be identified — in the sense of Wierzbicka
(1996)? Investigation of the same domain by researchers wiifreint mother
tongues would be necessary (or at least a collection of the related natural
language descriptions). For the domains and examples here, the spatial inferences
are also correct in the translations, but the use of spatial prepositiffiessdi
between German and English.

Relation between relations and functions

The use of category theory to establish a common theoretical ground for a
relation (static) view and a function (dynamic) view is new and must be further
explored. A category can be constructed over both functions and relations (Bird
& de Moor 1997). It is also possible to map relations into functions (aRlb

(a,b) : Bool) and functions into a relation (f (a):: b aRb) as was used here.
Certain formalizations seem to be easier in the one, others in the other.

In any case, the formulae must be interpreted with respect to an “environ-
ment” of the facts (we used the term “scene”). Functions like “move” change the
scene. We currently experiment with monads — a device from category theory
— to have the environment implicit in the formulae and, therefore, reduce the
complexity of formalization (Wadler 1997; Liang et al. 1995).

Composition and interaction of image schemata
The combination of multiple image schemata and the interaction of image

schemata with object’'s properties must be further explored. For an object to
move along a path, it must be of the appropriate kind (only trains run along
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railway lines, cars cannot follow a footpath, etc., and similar restrictions apply in
other cases). Possibly, the current approach of trying to capture image schemata
with the definition of spatial prepositions is too limited. Raubal et al. (1997) used
prepositions and semantic connotation to investigate superimpositions of image
schemata. Another interesting approach is to lookf&drdances. &ordances

seem to be closely related to image schemata because both of these concepts
help people to understand a spatial situation in order to know what to do (Gibson
1979). Afordances might be operational building blocks of image schemata but
further research in this area is needed (Jordan et al. 1998).

Are image schemata the smallest constituent parts of spatial cognition?

Are image schemata the atoms of spatial cognition or are there smaller semantic
units from which image schemata can be composed? It appears as if these were
smaller pieces from which the more complex image schemata could be built, but
one could also argue that these are the image schemata proper.
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Using a Spatial Display to Represent the Tempor al
Structure of Multimedia Documents

Mireille Bétrancourt, Anne Pellegrin and Laurent Tardif
INRIA, Grenoble

Introduction

The research presented in this paper investigates the practical problem of
representing the temporal structure of multimedia documents in the light of the
research in spatial cognition. This study is the result of a collaboration between
researchers in cognitive science and researchers in computer science.

The paper is structured as follows: the first section presents the problems
that multimedia documents authoring tools encounter to convey the temporal
organization of these documents. In the second section we review research on
spatial cognition that is relevant to the design of temporal diagrams. The third
section describes the multimedia document authoring tool MADEUS and its
solution to visualize the temporal relationships between objects. Finally, the
fourth section presents and analyzes the results of the experimentation carried out
to evaluate the choices made in MADEUS.

Problems of multimedia document authoring

With the integration of dynamic data like video, sound or object moving on the
screen, electronic documents have today a temporal dimension in addition to the
spatial, logical and hypertext dimensions. Thus, the documents, so called
multimedia documents, are characterized not only by components of various
nature — static (text, graph, table, image) or dynamic (sound, video, animation)
— but also by the temporal organization of these components. The description of
the sequence of objects in time is called temporal scenario.
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The current research on multimedia documents focuses mainly on the specifica-
tion of the temporal scenario since it is the new characteristic to take into
account. Because of the dynamic nature of the manipulated objects (such as
video and audio), the phases of edition and presentation can not be merged in a
single view. The static principle of WYSIWYG (“what you see is what you
get”), that is very useful for the edition of a traditional document, cannot be
applied to the edition of the temporal scenario of multimedia documents.

In the declarative edition of multimedia documents, the choice of a con-
straint-based language allows the author to specify constraints between objects
(for example a video is presented after a text and at the same time as an audio
comment) without having to specify all the temporal information attached to
these objects (starting and ending dates). A temporal scenario is defined by a set
of objects and temporal constraints (before, during...) between these objects.

The description of the temporal scenario is based on Allen’s relations (Allen
1983). They express relations between objects by means of constraints, such as
“A before B”, “A starts C”, “C finishes D”"... The authors can introduce
flexibility in their document by way of loose relations, such as “before” or
“during”. Indeed, the relation “A before B” does not specify the duration of the
interval between the two objects A and B. This interval will be determined when
the document is presented according to the other constraints. Another advantage
of the constraint-based language is that the scenario is easier to modify, since the
modification of the duration of a delay does not require the author to modify the
whole organization. This reorganization will be automatically taken in charge by
the system.

Currently, the author specifies the temporal scenario by editing the text of
constraints. The solutions of presentation that are consistent with the constraints
are automatically computed. The functions of edition are thus limited to those of
textual data entries. The authors have to run the presentation to see the results of
the textual source, then they have to go back to the textual source to make any
modification. Since the textual source is not a direct matching to the presenta-
tion, the authors have filiculties in finding which constraints must be modified.

A simple way to solve this problem is tdfer editing features at the level of the
presentation view. However, this solution is not optimal since the execution of
the document in the presentation view enables the authors to visualize only one
solution. They do not have the possibility to know the whole set of solutions of
the scenario. In addition, the authors have in the presentation view only an
instantaneous view of the behavior of their scenario: there is no trace of the past,
nor possible anticipation.

In order to help the authors in the edition of the temporal scenario, it is
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necessary to visualize, during the specification, the behavior of the set of
possible temporal solutions that are consistent with the scenario. Thus, the
visualization should not onlyfter a graphic equivalent to the textual source, but
should also provide the authors with the whole information contained in this
textual source.

The next section examines some results of the literature in spatial cognition
in order to define which type of graphic representation would help the authors to
visualize and manipulate the temporal organization of multimedia documents.

The mental representation of temporal relations

In the spatial domain, it has been demonstrated that humans reason from
analogical representations, called mental models, that represent “objects, states of
affairs, sequence of events, the way the world is...” (Johnson-Laird 1983, p
397). According to this theoretical framework, providing a diagram that depicts
the situation improves subjects’ ability to solve spatial problems, since the
diagram helps subjects elaborating and processing the mental model of the
situation.

It has been argued (Baddeley 1993) that temporal and causal relationships
are also coded spatially in working memory. Indeed, Glenberg & Langston
(1992) showed that the understanding of a text describing a four-step procedure
was improved if a diagram was provided, as evidenced through subjects’
performance to inferences on the succession of steps. Moreover, it has been
shown that subjects understand better the functioning of engineered or natural
systems when a diagram is provided (Mayer 1989; Kieras 1992).

Thus, regarding the multimedia documents editing process, the research on
mental model supports the hypothesis that a diagram should facilitate the
authors’ specification of the temporal structure of a multimedia document.
Moreover, the literature provides guidelines concerning how to design a diagram
that would be cognitively appropriate. For our purpose, two aspects are worth of
interest.

First, the temporal dimension is spontaneously drawn from left to right,
following the occidental writing order. Research on the graphic representation of
temporal relations by children of threefféirent cultures (English, Hebrew and
Arab) showed an féect of the language on the temporal concepts. Children of
English language represented the temporal concepts from left to right and
children of Arab language represented the temporal concepts from right to left
(Tversky, Kugelmass & Winter 1991). Moreover, subjects solved inferences on
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temporal relations better when the diagram was oriented from left to right than
from right to left. In a task of classification, Winn (1982) showed that the
subjects who saw the diagram directed from left to right, had better performance
than the subjects who saw the diagram in the other direction (from right to left).
Winn concluded that people of English language read the diagrams in the same
way they read their language, from left to right and from top to bottom. Thus,
the diagrams which are not oriented in this way are a sourcefbifudties in
data processing and training.

Second, in order to beffective adjuncts to instructions, diagrams should
“support” three cognitive processes involved in learning (Mayer 1989):

— they should guide learners’ attention to relevant passages and act as an
“external memory”;

— they should help the learners organizing ideas within a coherent structure;

— they should facilitate the integration of the new structure with existing
knowledge in long-term memory, mainly by way of metaphors and analogies.

Even though the editing process is not a learning process, we regard these three
properties as relevant, since the editing process still requires the processing of a
mental model in working memory.

Finally, another dficulty we have pointed out in the first section is the
difficulty to represent graphically a set of solutions. There are tiicdlties
from the cognitive point of view.

First, whereas language supports non-determinism, a graphic representation of
temporal relations is necessarily determinist : for example, “A before B” does
not tell how far before is A from B, but a drawing instances this delay to a fixed
value. To our knowledge, no research has ever addressed the issue of integrating
a set of solutions in a single diagram. Second, due to our limited working
memory capacity, we experience fiiulties in mentally representing the
simultaneous motion of objects. For example, Hegarty (1992) showed that users
did not mentally animate a pulley system as a whole, but in a piecemeal fashion.
Similarly, if the objects’ position in time was represented statistically, it would

be dificult for users to generate mentally all the possible combinations.

The next section describes the diagrammatic solution proposed in MADEUS
to represent the temporal relationships. We study to what extent the choices
made in MADEUS correspond to the guidelines of the literature. More details on
the application MADEUS are available in Jourdan, Layaida, Sabry-Ismail &
Roisin (1997).
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The MADEUS solution
Static visualization

In constraint-based systems, there are two types of approaches to display
temporal information. The first one uses a graphic representation of the graph of
constraints (Yu & Xiang 1997). According to the research previously mentioned,
this type of approach is not cognitively satisfactory because it does not reproduce
the temporal relations between objects in an analogical way.

A second type of approach tries to combine the semantic information of the
temporal relationships with a time-line based representation. For example in ISIS
(Kim & Song, 95), the objects and their relations are displayed in a linear
graphic way (which strongly suggests a time-line). Nevertheless, the selected
graphic metaphors for some relations (meets, starts...) prevent from tracing an
absolute temporal axis under their representation. In some cases, this can even
bias the representation of the execution of the document that the author elabo-
rates.

The MADEUS solution (Jourdan, Roisin & Tardif 1997) consists in
displaying an arrangement of the objects which respects the constraints of the
scenario, and allows the author to move objects within the limits enabled by the
scenario, in order to examine the whole set of possible solutions. In this version
of the application, the flexibility taken into account comes only from the
flexibility of the relations and not from the duration of objects. The adopted
presentation, called “the temporal view”, makes possible the visualization of a
solution; the manipulation of the temporal view gives access to the whole set of
solutions.

In the temporal view, the basic objects are represented by rectangles which
length is proportional to their actual duration. Each type of object (video, sound,
text, image) is represented by a discriminating pattern. The objects are placed on
horizontal lines which represent temporal axes, the time running from left to
right (Figure 1).

The constraints introduce three types of elements into the temporal view:

* The horizontal lines represent the fixed delays (Imagel before (2) Image2).
* The springs represent the flexible delays (Videol before Imagel).

* The vertical features represent the constraint of simultaneity of two moments
(Imagel Starts Text2).

The arrangement selected by the system tries to minimize the visualization of
false information (no alignment of objects if it is not imposed by the set of
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Video 1Starts Text Image 1Before (2) Image 2
Video 1Equals Son 1 Text 2During Text 1
Video 1Before Imagel Text 2FinishesImage 2
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Figure 1. Example of textual source and corresponding Temporafview

constraints) and the superposition of objects or relations in the vertical arrange-
ment of objects. The explicit representation of objects, constraints and duration
allows a direct interpretation of the scenario without necessarily requiring the
textual source.

Interaction with the user

In order to help the author surveying the whole set of solutions, MADEUS
allows the visualization of the interval of displacement so that the author can
anticipate the behavior of the selected object (criterion of foreseeability). In the
example of Figure 1, the author has selected the object Text2. A red stroke
appears under the line where is placed the selected object (Text2), thus indicating
its latitude of displacement. On our example, Text2 is limited on its left-hand
side by the end of Videol (Text2 after Videol) and on its right-hand side by the
end of Textl (Text2 during Textl).

The objects which are connected to the selected object by rigid constraints
get colored in blue. The rigid constraints do not introduce flexibility (for example
starts finishes meet$. These objects are dependent on the selected object in its
moves. The springs which play the part of shock absorber for the selected object
get colored in green.

Dynamic visualization

The objective is to allow the author to access to the set of solutions of the
scenario by manipulating the objects in the temporal view. Thus, the authors do
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not have to generate mentally all the combinations of objects moves, which
would be dfficult because of the limited capacity of mental animation we

mentioned before. They can directly manipulate the position of all moving
objects and actually generate the whole set of solutions.

When the authors move the selected object in its entire interval of validity,
the display system updates, in real time, the representation of the corresponding
solution. It is worth noting that the limits of this displacement always correspond
to the complete absorption of a flexible delay of the scenario (a green spring in
the temporal view). Consequently the authors should easily understand the reason
of a blocking. Indeed, the reactions to manipulation provide the authors with an
immediate feedback, where static representation and manipulation are coherent.

Thus, the diagrammatic representation proposed in MADEUS is consistent
with guidelines deduced from the research. However, is this representation
adapted to the specific task of multimedia documents authoring process?

The experiment

This experiment was designed to comply with both ergonomic and cognitive
concerns. We focused the analysis on three questions:

— how do people spontaneously represent the temporal relations between
objects, especially when they are undetermined? from an ergonomic point
of view, does that fit in with the diagrammatic choices made in MADEUS?

— does the diagram facilitate the authors’ processing of temporal relations
compared to the text of constraints alone?

— does the manipulation enable authors to reason on the set of solutions?

Methods

Participants

11 graduates, 8 male and 3 female, were individually tested. 7 were graduated in
computer science, and all were using computers at work. Their age ranged from
27 to 37.

Material

For the first task, we used two scenarios. A text of constraints and a temporal

view were derived from each one. The scenario 2 was the scenario 1 in reverse,
whose objects were renamed. Half subjects saw the text of constraints of scenario
1 and the temporal view of scenario 2, whereas the other half saw the text of
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constraints of scenario 2 and the temporal view of scenario 1. Three questions
about the text of constraints and three questions about the temporal view were
designed. For the second task, we used twifedint temporal views (ffierent

from the temporal view used for the first task) and two set of thrérdint
problems for each temporal views (see appendix).

Procedure

The experiment consisted of two successive tasks, designed to be close to the
real activity of multimedia document authoring. The participants were briefly
presented with the objectives of a multimedia document authoring tool. Then the
constraints language was explained.

In the first task, the participants were presented with the text of constraints
from one of the scenario and were asked to describe the corresponding presenta-
tion in a written text. They were told they could make a drawing if they wanted.
Then, they were asked three inference questions about temporal relationships,
whose answers were not explicitly indicated in the constraints. Secondly, the
temporal view from the other scenario was presented to the participants and the
representation options (springs, vertical lines) were briefly explained. As for the
text of constraints, participants were asked to describe the corresponding
presentation and to answer three questions. The order in which the two scenarios
were presented was counterbalanced across subjects.

The second task aimed to evaluate whether subjects were able to infer the
set of solutions from the diagram, and to explore it by manipulation. From a
temporal view presented on the screen, the subjects were asked to solve three
problems about the attainability of temporal situations. They were told to answer
first without manipulating, and then, to verify the accuracy of their answer by
manipulating the temporal view. A second temporal view was then presented on
the screen, on which subjects were similarly asked to solve three problems.

Time spent on each task and performance were recorded by the experiment-
er. Moreover, the subjects evaluated on a scale the ta$kutty and their
certitude regarding their answer.

Results
Task 1: Reasoning from the textual source or from the temporal view

Description of the presentation
Subjects were significantly faster to describe the presentation from the temporal
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view (m=256 s.) than from the list of constraints (m=526 s.), (F(1,10)=11.66,
p <.01). Moreover, 36% of subjects (4) made an accurate description of the
presentation from the constraints, whereas 82% of subjects (9) did so from the
temporal view.

Questions on temporal relations

As three questions were asked for the text of constraints and for the temporal
view, performance ranged from 0 (no correct answer) to three (all three questions
correctly answered). A repeated measures analysis of variance was computed on
the number of correct answers and on the response times.

As presented in Table 1, when the subjects answered from the temporal
view, they were significantly more accurate than when they answered from the
list of constraints (F(1,10)=7.64,<.05). Moreover, they were faster to answer
with the temporal view than with the constraints but th&eadence was not
significant (F(1,10)=3.2NS.

Table 1 Number of questions correctly answered and response times (in seconds) in the first
task (m = mean and SD = standard deviation)

Accuracy Response time
Temporal view m=2.73 m = 32.81

SD = .47 SD =23.29
Text of constraints m =191 m = 66.27

SD = .83 SD =56.89

Describing the presentation and answering the questions were judged significant-
ly more dfficult to perform from the text of constraints than from the temporal
view (F(1,10) =13.4p <.005, without interaction).

Qualitative analysis of the drawings

Even though the production of a drawing was only suggested, 10 subjects out of
11 made a drawing when they described the presentation from the constraints,
and none from the temporal view.

Out of the 10 subjects who made a drawing, 8 subjects oriented time in
their drawing from left to right and the remaining 2 subjects oriented time from
top to bottom. These 2 subjects depicted the succession of events, represented as
dots on the time line, whereas the 8 other subjects represented the objects as
lines or bars which length represented approximately the duration. For these 8
subjects, the objects were drawn on several lines. 2 subjffetsed one object
per line, whereas the other 6 put on the same line objects that could not overlap.
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Another question was how subjects graphically conveyed the flexibility
introduced by the constraints. 4 subjects used a graphic representation of the
flexibility: 2 subjects used dotted lines to indicate the interval in which the object
can be located, one subject represented the flexible delays as spaces, another
filled those spaces with dotted lines. Two subjects represented starting and
ending constraints between objects with vertical lines.

Qualitative analysis of the descriptions

5 subjects did not account explicitly for the flexibility of the relations, neither
from the constraints, nor from the temporal view. Produced descriptions were
unspecified, insofar as a great number of verbal expressions for temporal
relations are naturally unspecified (“during”, “before”, “afterwards”...). Those
are used jointly with other deterministic expressions for the strong relations (“at
the same time”, “immediately afterwards”). Out of the 6 subjects which account-
ed for flexibility, 3 did it for the temporal view only, 2 for the constraints only
and one for both the constraints and the temporal view. The markers of flexibili-
ty used were: “delay” or “pause”, “not necessarily immediately”, “a few mo-
ments later”, “one does not know exactly when”, “without precision of the time”,

“an indefinite time later”.
Task 2: Problem solving and manipulation of the temporal view

In this task, subjects had to solve 6 problems (see appendix), 4 of which required
one or two moves only (simple manipulation) and 2 of which required the
manipulation of two distinct objects in addition to the object mentioned in the
guestion (complex manipulation). Subjects were first asked whether the manipu-
lation was possible (without manipulating) and then to perform it.

For the simple manipulation problems, only five errors were made (11%),
usually due to the misunderstanding of vertical lines (inflexible constraints).

The two complex manipulation problems were attainable. For the first
problem (question 3 in appendix), without manipulation, 8 subjects out of 11 got
the correct answer. In order to achieve the goal, the manipulation required to
move first another object (Image 1), due to the “before” constraint between
Videol and Imagel and to the “starting” constraint between Textl and Videol
(Figure 1). With manipulation, only 3 subjects succeeded in achieving the goal.
The other subjects did not get the idea of moving Imagel. For the second
complex manipulation problem, only one subject did not get the correct answer
with and without manipulation. However, 4 subjects were not sure that “the
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spring was long enough”. This is quite inconsistent with the concept of spring in
the temporal view, which means a flexible delay with no intrinsic duration.

Discussion and conclusion

The multimedia document authoring tool MADEUS proposes to convey the
temporal organization of the document by using a spatial representation. An
experimentation was carried out to evaluate the cognitive relevance of this
representation.

With regards to the diagrammatic representation proposed in MADEUS, the
results showed that the diagram improved significantly the performance (speed
and accuracy) to questions on temporal relationships, compared to the list of
constraints. This result is consistent with the literature : providing an analogical
device supports the reasoning on temporal relations (Glenberg & Langston 1992).
This is mainly because relations have to be inferred from the text (or from a list
of propositions), whereas they are directly perceptible on a diagram (Larkin &
Simon 1987). When asked to graphically represent temporal relations, the
subjects drew spontaneously temporal relations from left to right which is
consistent with findings of the literature (Tversky, B., Kugelmass, S. & Winter,
A. 1991). Moreover, the successive objects were drawn on the same line and
overlapping objects on flerent lines. Only 44,4% of subjects’ drawing con-
veyed the flexibility by using dotted lines or spaces. This way of spatially
organizing the objects is consistent with the chosen representation in MADEUS.

The problem of representing a set of solutions in a single diagram has not
been extensively studied yet. In the representation chosen in MADEUS (the
temporal view), the authors have access to the set of solutions by manipulation.
In order to assess the cognitive relevance of this representation, subjects were
provided with a temporal view and were asked to state whether some objects
could be in given temporal positions. For simple manipulation problems, only 3
subjects made errors without manipulation but they all succeeded in the manipu-
lation. Overall the two complex manipulation problems (where more than two
moves were necessary), the error rate was 10 % without manipulation but raised
to 45 % with manipulation. This was due to some problems in the interface
where the objects intervals of moving were not easily recognizable.

These results showed that the spring’s metaphor to represent flexible delays
was easily understood by the subjects. However, some subjects imagined that the
springs had a limited duration, which is the result of a too direct transposition of
the physical spring concept. This problem of the use of metaphors was already
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observed in many other fields (Brown 1989).

The whole results presented in this article must however be considered
within the framework of a development tool. Indeed the research that we carried
out here was dependent on the actual development of the MADEUS tool which
was still a prototype. For example, we could not choose the example of temporal
views used in the experimentation, they were imposed by the state of progress of
MADEUS at the time of the research. Moreover the choices for the interface
were still in discussion (design of objects, framing and so forth).

In the context of multimedia document authoring tasks, many issues related
to spatial cognition are still to investigate like the visualization of the hierarchical
organization of scenes in the document and the integration of the spatial and
temporal dimensions.

This study illustrates how research and application can gain from each other.
On one hand, the research on spatial cognition suggested guidelines for the
design of a diagrammatic representation in a real environment. On the other
hand, the observation of subjects interacting with the diagram provided useful
hints on the further research to be carried out on spatial cognition.

Appendix

Example of problems presented to subjects for the second task

These problems concern the temporal view presented in Figure 1.

1. Is it possible for Text 2 to begin before the end of Sound 1?

2. Is it possible for Image 2 to finish at the same time as Text 1?

3. Is it possible for Text 1 to start at 12*?

* This number refers to the time scale displayed on the screen but not represented here.
12 is about in the middle of the view.
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Notes

1. The patterns used here to distinguish the types of components — video, text, image, sound —
have not been tested yet.
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Problemswith spatial language

It seems at first sight that the task of formalising the use of spatial language
suficiently to simulate people’s real use of it is an intractable one.
For example, consider the use of “put” in the following sentences:

1. Put the book on the table.
2. Put the water in the bottle.
3. Put the thread through the eye of the needle.

Similarly, let’s attend to the spatial preposition “on” in the following:

1. Stack the book on the pile of books.
2. Place the book on the table.
3. Float the rubber duck on the water.

We now come to our first generalisation. People will often use general purpose
verbs (e.g. “put”) and prepositions (“on”, etc.) when the context Edantly

clear to disambiguate them. The context can be derived from physical properties
of objects (for example, a pile of books requires the action bestaeking
instance ofput) or, in absence of such naive physics evidence, from the preposi-
tion employed. For example, specifying the object must go through the eye of
the needle obviates the need to ubesad as a verb instead gbut Put the
thread through the eymather tharthread the needle
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Approachesto analysis of spatial expressions

Studies of the meaning of locative prepositions can be classifiedinagle
relation modelsversus multiple relations modelsas proposed in (Herskovits
1986). The first class includes theories coming both from linguistics (Bennett
1975) and from the computational paradigm (Miller & Johnson-Laird 1976,
Waltz 1980).

Presumably the approach of (Jackefidb983, 1990), one of the most
discussed recent positions, also falls in this class. From this point of view,
language draws on spatial cognition so that we can manage to talk what we
perceive and it thereby provides a window on the nature of spatial cognition, that
is a Spatial Representation. Jackefidmggests a level of mental representation
devoted to encoding the geometric properties of objects and the relationships
among them in space, in order to express our spatial experience in talking about
objects (encoding of object shapes) and talking about spatial relations (locations
of objects). According to (Marr 1982), Spatial Representation is the 3D model
level, the format in which objects are encoded independent of viewer’s perspec-
tive. The primitives for 3D object description follow these principles:

1. describing “generalized cones” in terms of axis and a cross section;

2. elaborating a main axis with a subsidiary axis of a particular size and
orientation relative to the main axis, so objects are composed by parts
applying recursively.

Moreover, Jackendbclaims that the notion of place — or location — and path
— or trajectory — plays a basic role in the lexical-semantic representation, that
is the Conceptual Structure. For example, in locative sentences sticé lasok

is lying on the tableor the arrow flew through the air past my heatie constitu-

ents Place and Path are shared between Conceptual Structure and Spatial
Representation. The notion of physical motion is also central to Conceptual
Structure, and it must be represented in spatial cognition so that we can track
moving objects. The following could be one possible schema of tierdnt
modules related to a lexical entry for a physical object word, including a 3D
model representation in addition to its phonological, syntactical and conceptual
structures (Figure 1).

So, the meaning goes beyond the features and functions available in
Conceptual Structures, in particular allowing shape information in a lexical
Spatial Representation. We will examine this schema later much in detail, trying
to extend it to a multilevel model.

The theory seen above is based on a single geometric relation for all spatial
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[Visual representations (2% D sketsch

Phonological Linguistic Spatial [haptic representations
& Syntactical Representations Representations[ yepresentations for auditory localization
Structures (conceptual structures) (3D model)

motor representations
Figure 1. Phonology & Syntax + Conceptual Structure & Spatial Representation

uses of a given preposition. This position is seen to fail in the attempt to apply
the approach to cases where the use of a preposition diverges from the standard
geometric relation: tolerance and sense-shift phenomena.

Hence, accounting for the flexibility and adaptability in the use of spatial
relations, the class exemplified by (Lakd987) and (Herskovits 1986) claims
that each preposition identifiescantral or ideal meaning from which the others
can be obtained via transformations, “categorizing relationships of schematicity”
(Langacker 1988).

In particular, the representation of the meaning of locative prepositions
viewed as the result of a schematization, namelgrocess that involves the
systematic selection of certain aspects of a referent scene to represent the whole,
disregarding the remaining aspec{¥almy 1983), should enable the disambi-
guation of the preposition. Hence to select, idealize, approximate and conceptual-
ize a given meaning, we reduce its indeterminacy by specializing the real
physical scene to a sketchy semantic content.

That reduction can not solve the disambiguation problem without detailed
information about the abstract spatial relation applied to geometric objects — as
points, lines, surfaces and ribbons — and the objects involved in the scene. Here
the claim is that there is a strict interaction between the spatial properties of the
entities involved in the description and the general world knowledge encoded in
the ontology of the system. In addition, we suggest that such information should
be part of the conceptual representation of events and physical objects. Thus, the
fact that an action spatially identifies a flat region of space, either as a region
conceptualized as a container or a cognitively salient surface, must be available
to the process of interpretation.

In spatial locative expressions, where the location of an object is described
via a reference to the known location of another object, the literature presents
several diferent terms: we follow Herskovits’ definition and we use respectively
the termdgrigure Object(or Figure for short) andReference ObjecEFor example,
in the sentenceut the book on the stackve describe that locative action as a
spatial relation betweethe book(Figure) andthe stack(Reference Object).
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Herskovits has presented in (Herskovits 1986) one of the most complete
approaches to formalization of the use of English locative expressions. The main
goal was to give dexical semanticof spatial prepositions to determine the
entries in a mental ontology, and the way they are combined with other spatial
objects entries, in order to obtain interpretations of spatial propositions. In
particular, Herskovits distinguishes two kinds of entries corresponding to two
different levels of abstraction: “I suggest two levels of abstraction: ideal meaning
and use type. The ideal meaning abstraction is ndficent to build truth-
conditions, but it is a necessary anchor that organizes the overall set of uses of
the preposition. The use type abstraction, with several use types derived from the
same ideal meaning, is much richer and provides material that brings us much
closer to a definition of truth conditions.” (Herskovits 1986: 18)

The two concept&deal meaninganduse typeare embedded in a relatively
complex model, which includes additional constructions for mapping ideal
meanings, use types, and the actual uses. This model can be summarised by the
following claim:

The meaning of a preposition in an expression like NP + PP [prep + NP] is
a relation Ri (X, y), where x is the Figure and y the Reference Object,

belonging to the family of senses defined by the preposition (use types); the
choice of a relation Ri depends on the nature of the objects x and vy.

The prepositional category as a whole is organized around a focal relation, the
ideal meaning. The whole set of uses of a preposition can then be subcategorized
into use types (corresponding roughly tdfdient senses), each such subclass
manifesting the ideal meaning, but usually after some transformations.

A level of geometric conceptualization mediates between our naive representa-
tions of the physical world and the application of locative terms; prepositional
meaning applies infect to schematic images (geometric descriptions) mapped
onto objects. “A number of contextual factors bear on the choice and interpreta-
tion of a locative expression: relevance, salience, tolerance, and typicality. There
are pragmatic principles relating to these that explain many characteristics of the
situation of use.” (Herskovits 1986: 343)

There is actually no unique concept of a certain locative preposition, and
correspondingly no unique entry in the lexicon, but only a set of interrelated
concepts, use types as they are called, which show family resemblance. The ideal
meanings form the second-level abstraction of the set of use type concepts
associated with one locative preposition: “The ideal meaning of a preposition is
a geometrical idea, from which all uses of that preposition derive by means of
various adaptations and shifts. An ideal meaning is generally a relation between
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two or three ideal geometric objects (e.g., points, lines, surfaces, volumes,
vectors) — in fact, ideal meanings are usually those simple relations that most
linguists and workers in artificial intelligence have proposed as meanings of the
prepositions. These relations play indeed an important role, but as something
akin to prototypes, not as truth-conditional meanings.” (Herskovits 1986: 39)

Coincidence of points, inclusion of a point in a line or in an area, and
contiguity of two surfaces are some examples of relations considered by Hers-
kovits as ideal meanings. They are directly reflected by language so that
idealizations, approximations and conceptualizations mediate between a canonical
view of the world and language.

An important issue can be outlined on that study of spatial prepositions. It
concerns the proposal by (Landau & Jackefid893) about the “what” and the
“where” systems, performing separately object identification and object localiza-
tion. This hypothesis states that preposition use and noun use access only the
encoding produced by the distinct neural systems, see (Ungerleider & Miskin
1982). Thus, when naming objects, we use detailed geometric properties of them.
But, when locating them, we use rough representations as points and lines. On
the contrary, we may need fine information about shape of objects and locations
for applying the appropriate preposition, even if its relative selectional restric-
tions specify no shapes of Figure and Reference Object. The position adopted
seems to fail to distinguish the selectional restrictions from the knowledge of
object shape, so we follow Herskovits in rejecting their hypothesis.

Moreover, further evidence shows the boundedness of computational models
ignoring schematization and its relationship with the perceptual, conceptual and
spatial cognitive analysis.

A multilayered model for pragmatic inter pretation

Spatial relations are facets of the schematization of spatial language, which
involves geometric idealization, abstracting features of the real scene so they
match simple geometric objects as points, lines, ribbons and so on. In other
words, a mismatch between the real features and the categories in which they are
fitted causes the idealization to abstract features.

As suggested later in (Herskovits 1998), the applicable schematization is the
result of composing several elementary functions used in mapping real objects
onto their schematic representation. In such application, the selectional restric-
tions for one sense of the given preposition must be satisfied. Here is a list of
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essential geometric description functions (for a more detailed description see
Herskovits 1986, 1997).

Idealization to a:
Point

Line
Surface
Plane
Ribbon

estalt processes:

. Linear grouping (2- or 3-D linear object)
. Complex grouping (area or volume)

. Enclosure

. Normalized shape

Reference axis

Frame of reference

Direction of motion

Direction of texture

Direction of maximum slope of surface

rojections:

. On layout plane
. On plane of view

alient part selections :

3-D part

Oriented three top surface
3. Base

1
2

3

4

5

G

1

2

3

4

Selection of axes and directions:
1. Model axis
2

3

4

5

6

P

1

2

S

1

2

In this spatial framework, the information needed to identify a spatial relation
will refer the geometric description returned by tR&ce function as well as
those ones returned by the functions illustrated above. Given a physical object,
the former provides the region of space it occupies; instead the other functions
provide alternative conceptualizations of that object.

A NL interface might use such information, hence spatial relations are
represented in the system knowledge base — the naive ontology — in the ways
that are described later. In addition, this approach also concerns mapping
syntactic arguments onto thematic roles as part of verb meaning representation.
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According to their most salient senses, we can put forward a rough classifi-
cation of prepositions, sorted into twofi@drent groups:

Table 1

Location Motion
At/on/in Across
Upon Along
Against To/from
Inside/outside Around
Within/without Away from
Near/far from Toward

Next Up/down (to)
Beside Into/(out of)
By Onto/df
Between Out

Beyond Through
Opposite Via
Above/below About
Under/over Ahead of
On (the) top of/bottom of Past

Behind

In front of/back of
Left/right (side) of
East/north/south/west of

Contrary to a common belief, not all prepositions treat Figure and Reference
Object as simple geometric objects, but the region occupied should be known to
determine whether a preposition applies. In fact a closer investigation reveals that
the following assumption is unfounded: “If the prepositional predicate applies to
objects of any shape, then its truth in particular cases can be assessed without
referring to the object’s shape”. For example, in motion prepositions, such a
predicate is approximated to the motion of ttentroid— centre of gravity —

of the object, ignoring rotations and translations around it.

The transformations result in ffierent idealizations of the spatial objects:
when an object is described as bebgsome reference object, both objects are
idealized as points. To that purpose, a set of geometric description functions was
collected by Herskovits (Herskovits 1986: Chapter 5). Usually, several coercions
have to be applied in sequence until the appropriate conceptualization is found.
The schematization of the spatial objects depends on functional part-whole
relations, but also sometimes on certain aspects of the referent scene, such as the
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distance between Figure and Reference Object foptbgctiveprepositions (to
the right, above, behind, etc.).

Hence our research on spatial expressions goes toward the design of a
multilevel system, taking into accountfiirent modules of analysis:

Table 2

Conceptual Level
Naive Semanticsa hierarchy describing relations between conceptual entities —
objects and events — by means of prototype theory and other salient properties.

Semantic Level

Lexical Semanticsa cognitive representation that refers directly to the linguistic

locative expressions.

Reference Semantica basic spatial representation establishing the connection between
the ideal meaning of spatial relations and the spatial entities: a structural description —
proximity, surrounding, alignment, etc. — to obtain a local frame of reference for
various configurations of objects.

Pragmatic Level

Spatial Configurationa geometric description of objects’ location specifying the
location and orientation of objects with respect to the local axes by appropriate topo-
logical — metric information (measures of angles and distances).

From this point of view, the schematization described above (Herskovits 1998)
and conceptual structures (Jackefidt990, 1995) play a central role in our
model, in conjunction as related modules of the Semantic Level. Both these
modules refer directly to locative expressions, so they concern the linguistic part
and they are independent of the context-specific information. Hence world
knowledge, which is requested for appropriate handling of specific situations, is
included in the latter level for processing locative actions in terms of topological-
metric knowledge on angles and distances in the given context.

On one hand, such a modularization allows abstraction from the concrete scene;
on the other, it also permits the interaction between semantic and pragmatic
representation.

Pragmatic inter pretation of lexical meanings
Let's assume that each lexical item in the sentence specifies how its conceptual

arguments are linked to syntactic positions in the heading phrase. Now a
thematic roleor #-role is a term for an argument position in the conceptual
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structure, so for locative actions Agent and Theme are particular structural
positions as well.

Thus the first fundamental assumption asserts that every content-bearing
major phrasal constituent of a sentence (S, NP, AP, PP) corresponds to a
conceptual constituent of some major conceptual category. The basic machinery
under this approach is that the specification of conceptual structure within
arguments of the verb can be regarded as in large part orthogonal to the positions
of indices on arguments — the way the verb links its arguments to the syntactic
structure. The following rules use this lexical information to integrate the
readings of syntactic complements and subjects with indexed argument positions
in the conceptual structure of the head:

1. for each indexed constituent in the conceptual structure of a lexical item,
substitute the conceptual structure of that phrase, say YP, that satisfies the
co-indexed position in the subcategorization feature of that lexical item, if
its conceptual category matches that of the constituent;

2. if the lexical item is a verb, substitute the conceptual structure of the
constituent indexed in the conceptual structure of that lexical item, if its
conceptual category matches that of the constituent.

To express alternations, the subcategorization feature stipulates merely an
optional post-verbal phrase of arbitrary major phrasal category. This is possible
because of the selectional restrictions of the verb: only specific NPs or PPs can
correspond to a conceptual constituent of the proper category, and Objects must
always be expressed by NPs as well as Paths are expressed by PPs — in the
unmarked case.

Going further, the interpretation of a small class of Path-nouns as in “getting
down by climbingthis routé behaves semantically like a PP, even though its
syntax is clearly that of a NP. The reason is that the NP expresses a Path, hence
it must fuse with the realization of the Path-constituent or map into Paths instead
of Objects.

Moreover, selectional restrictions could restrict the range of spatial region
occupied by objects assuming the Destination role, that is enabling a geometrical
conceptualization for individual or collective (physical) objects in the sense of
Herskovits’s analysis. From this point of view, the spatial relations expressed by
locative prepositions rule the correspondence between Conceptual Structures and
possible spatial relations in the relative spatial representation.

At the end, adopting a fine-grained framework — the conceptual structure
— seems nhecessary to outline the relations among multiple structures of lexical
entries and to account for syntactic alternations without loss of generality.
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With respect of conceptual structure, the basic organization is based on some
realizations in which each conceptual category is decomposed ifncion-
argument structur@and each argument is in turrcanceptual constituertf some

major category.

Basic Function-Argument Structures for Events of Location and Motion
[conceptual_constituent}. [Funct_Argmnt_structure]

[PLACE] - [Place-function ()] ~ mapping into a geometric spatial representation
[{IN, AT, ON} ([Object X])]

[PATH] - [Path-function ()] ~ mapping into a geometric spatial schematization
[Path {TO, FROM, TOWARD, AWAY_FROM, VIA, ALONG}
({[Object X, Place Y]})]

[EVENT] - [Event-function ()]
[Event CAUSE ({[Object X], [Event Y]}), [Event Z])] ~ causative event

[STATE] - [State-function ()]
[State CONF ([Object X])] ~ one-place function of configuration
[State DESC ({[Object X1], [Object X2]})] ~ n-place function of description

Now let’s introduce a new term referring to “telic events”. Telic is a Greek word
and it reflects simply our conceptual vision: going straight for one’s goal.

[EVENT] - [TELIC_ACTION ([Object X], [Path Y])] ~ telic event of location/motion
[GO ([Object X], [Path TO ([Place Y])])]

On the other hand, many English verbs — suchpaént, surround stay
cover-alternate between a State reading and an “paratelidhftoativg event
reading: an Event whose termination is the State reading. In other words, the
resulting configuration feature is filled by the final state, instead of the goal.

[EVENT] - [BE (State-function ()] ~ paratelic event of location/motion
[PARATELIC ([BE [Object X], [Place Y]])]

Following is a summary describing the Telic/Paratelic characteristics, as
proposed in theeversal theoryby the work of Michael Apter (Apter 1989).

The theory is concerned with the experience of one’s own motivation.
However, the way motivation is experienced is clearly structured.

Underlying subjective experiences are certain structures and patterns. The
telic and paratelic states together constitute but one of these underlying construc-
tions. Others are postulated in the theory, hence Apter calls his theory a structur-
al phenomenological theory of human action (Table 3).
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Table 3
Telic Paratelic

Means-ends dimension Essential goals No essential goals
Imposed goals Freely-chosen goals
Unavoidable goals Avoidable goals
Reactive Proactive
Goal-oriented Behaviour-oriented
End-oriented Process-oriented
Attempts to complete Attempts to prolong activity
activity

Time dimension Future-oriented Present-oriented
Planned Spontaneous

Intensity dimension Low intensity preferred High intensity preferred
Synergies avoided Synergies sought

The process of interpretation is incremental, thus the semantic representation is
composed as soon as the linguistic expression is parsed. This multilevel model
takes into account the specific scene in which the locative expression occurs with
the Pragmatic Level, and it performs the contextualization of ideal meanings
retrieving a more specific geometrical description in the multimedia context.
Individual and collective physical objects are related to the region of space they
typically identify. That region is approximated to a mono-, bi- or tridimensional
geometric entity and characterized by some topological featurdsyasdedor
fuzzyarea. Such information is associated with the i®patially Identifiesbut
alternative idealizations are specified by the BEometric_Descriptioapplying

the geometric description functions described above. The schematization forcing
an alternative reading is applied when the PP is processed and its result is used
in attempting to satisfy the selectional restriction imposed by the preposition.

As a standard example of a locative action realization that subcategorizes an
obligatory PP, let's focus on the verb “put”. It appears that its argument must
express either a Place or else a Path whose function is TO. On the other hand,
expession of Source, Direction and Route are impossible. In the following
realization, the verb meaning is “cause to go to a place”, but it does not show in
the syntax the disjunctive expression of the PP as Path and as Place:

Np; put __NR PR,
[CAUSE ([Object ]i, [Event TELIC_ACTION ([Object Jj, [Path TO
[Place{khKkh])]



260 LUCA ANIBALDI AND SEAN O NUALLAIN

Binding a conceptual constituent consisting of a variable — direct or indirect
object — to another conceptual constituent must follow a list of conditions. This
mechanism has to prevent two syntactic positions from bearing the same index
and hence being mapped into the very same thematic role. Thus, phrases that
refer to participants in the scene should be arranged into clauses, each of which
has three primary positions for verb phrases (subject, direct object and indirect
object) and optional places for any number of prepositional phrases. Grammar
should provide a systematic way to carry out this mapping so the interpretation
process will know which object plays which role and what kind of event-scene
is intended.

For example, the superficial marker of the Destination case may be the
(logical) indirect object of ssubcategorization frambéeaded by some locative
prepositions, associating PP and Destination when one of the syntactic-semantic
links is selected, that is the correspondence between indirect object and Destina-

tion role.
Loc_in
volume

Loc_in_
fuzzy_area

Figure_Obj

Spatial_ldent Ref_Obj

Portion
of space

Physical
Object
Geom_Descr

Loc_in_
bounded_area

Figure 2

In respect of prepositions, the lexical entry refers to sets of semantic
relations in the spatial representation, each one corresponding fi@eedt ideal



THE INTERPRETATION OF LOCATIVE EXPRESSIONS 261

meaning of a preposition. For example, the prepositiodeals with the follow-
ing relations: “located in”1pc_in for short) and “destination inward a Reference
Object” (dest_in. This spatial relation is further specialized when it is associated
with the geometric description of the Reference Object, that is the Destination of
the action; for example, a spatial relation of location in area may be restricted to
loc_in_fuzzy are®r loc_in_bounded_area

Referring back to the theories of (Herskovits 1986), such locative actions
are discriminated upon the region of space, in terms of geometric description,
identified by the spatial relation between Figure and Reference Obiject.

As result here are the following conceptual entities for verb lexical entries
in English and Italian:

AreaLocation Action
Contact

PUT ONJordinary solid objects]

[CAUSE ([Object ], [Event TELIC ([Object ], [Path TO [Place ON ([Object DDDI
Support
HANG ON appenderg+ by means of]
HEAP UP ammucchiare

STACK accatastare [+ resulting state]

Distribution
NPi COVER/HIDE coprire, nascondere _NPj <[PP with NPK]>
[CAUSE ([Object ]i, [Event PARATELIC ([State BE ([Object 1k,
[Place ON ([Object DI
SPRAWL spargere/ SCATTER disseminare
STREW stenderdflexible solid objects ]

Adherence
SPRAY, SPREADspruzzare cospargere[loose solid substances | _INP
<[PP with NK]>
[CAUSE ([Object ]i, [Event PARATELIC ([State BE ([Object ]k,
[Place ON ([Object ]))D]]
WATER inngffiare [liquids]

NoContact

PUT OVER HANG
[CAUSE ([Object ], [Event TELIC ([Object ], [Path TO ([Place OVER ([Object D)DD]



262 LUCA ANIBALDI AND SEAN O NUALLAIN

Volume L ocation Action

PUT IN, ENTER mettere in introdurre <NPj>
[CAUSE ([Object ], [Event TELIC ([Object i, [Path TO ([Place IN ([Object 1j))])])]

Impact (motion culminating in contact with)

NPi INSERT /DRIVE IN, THRUST IN inserirgficcare [+ intensive ] _ NPj
[CAUSE ([Object ]i, [Event TELIC ([Object ], [Place IN ([Object [)DD]

Distribution
NPi FILL riempire, mettere dentroNPj <[PP with NPk]>
[CAUSE ([ ]i, [Event PARATELIC ([State BE ([ 1k, [Place IN ([ 1)DDD]

BOX inscatolare
[CAUSE ([ ]i, [Event PARATELIC ([State BE ([ ]k, [Place IN
(BOXDDNII

BOTTLE imbottigliare [ liquids ]
[CAUSE ([ i, [Event TELIC ([Object]j, [Path TO [Place IN
(BOTTLEDINDI

PUT IN SACKS insaccafeommestibles]

Adherence
POUR, SHED / MIX, ADDversare/ mescolare mischiare[loose solid substances]

PUT ROUND-ABOUT
Distribution

NPi SURROUNDcircondare__NPj
[State DESC ([Object ]i, [Path AROUND ([Object]j)])]

Adherence
WRAP avvolgere
PLUG, STOP UPostruire, bloccare

LineLocation Action

PUT ALONG
[CAUSE ([Object ], [Event TELIC ([Object ], [Path ALONG [Place ON ([Object D]

Contiguity
ALIGN, SET IN ROWS allineare

Adherence
TWIST, RING attorcigliare

Point L ocation Action
PUT AT
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[CAUSE ([Object ], [Event TELIC ([Object ], [Path TO ([Place AT ([Object DDD]

Contact
NPi touch/contact NPj
[State BE ([Object ]i, [Place AT ([Object ]))])]

Impact

NPi hit/strike NPj

[Event PARATELIC ([State BE ([Object ]i, [Place AT ([Object [)DD]
Moving Contact
NPi stroke/scratch NPj
[Event TELIC ([Object ]i, [Path VIA [Place AT ([Object ]j])]

Attachment
NPi attach/fasten/glue NPj to NPk
[Event CAUSE ([Object i, [Event PARATELIC ([State BE ([Object ]j, [Place AT

([Object JK))]
[Event CAUSE ([Object ]i, [Event TELIC ([Object ]j, [Path TO ([Place AT ([Object

L))

NAIL / PIN attaccare, inchiodare / appuntare

Adherence
NPi stick/adhere NPj
[State BE ([Object ]i, [Place AT ([Object ]j)])

Detachment
NPi detach NPj from NPk
[Event CAUSE ([Object Ji, [Event (PARATELIC [State BE ([Object ]j, [Place
AT-END-OF
[Path FROM [Place AT ([Object IKIIDDDI

Finally, in the our approach, lexical semantics plays a central role indicating the
relationship between grammatical relations of sentences and thematic cases of the
action described. The fundamentalffdience of this proposal conceives the
appropriate layer of lexical knowledge representation and the use of them in a
NL interface.

Moreover, although the model used here derives all linguistic knowledge
(pragmatic, semantic and syntactic) from a cognition-action system, so both
pragmatic and semantic structures are made of similar cognitive material, they
still constitute separate functional processes fiedint moments in generating
natural language sentences. The user can simply use a pragmatic procedure to
generate a communicative act, or he can take his own pragmatic procedure as the
object or content of a higher conceptualization: he has shifted cognitive levels.

Austin (1962) notes that “To say something is to do something”, that is
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semantics is derived fromfferts to do things with words, performing locative
actions in the virtual or real world.

Testbed: the SONAS system

We at the IME (Interaction with Modelled Environments) group at Nous are
currently implementing the SONAS system, a successor to Spoken Image, which
can provide a testbed for our theories on the pragmatic interpretation of spatial
language. Each spatial verb and preposition can be implemented in a object-
oriented manner by specializing parameters.

For example, the generic functianovecan be specialized by parameters
indicating that the movement is single and discrete. The resplitisSimilarly,
the prepositioron can be modified by the parametefic to becomeacross

One goal of the SONAS system is visual interpretation in VRML (Virtual
Reality Modelling Language) or OPEN GL of such spatial expressions. When
creating the objects, only coarse-grain predicate keportsare attached to
objects. The remaining data required for the interpretation are calculated from the
several lagers we have postulated, in a way that does justice to the complexity of
the task involved.

The system has recently been extended to allow multiple users, and will
thus have to cater for viewer-dependent perspective (to take a trivial example,
my “left” may be your “right”). We expect our theoretical framework to be
rigorously tested by this real world application. The addition of gesture, which
we have implemented, will bring the task even closer to situated cognition in the
real world (see (O Nuallain 1995) for the general cognitive model being proposed).
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The Composition of Conceptual Structurefor
Spatial Motion Imperatives

John Gurney and Elizabeth Klipple
Army Research Laboratory

1. Introduction

We are concerned with how the full interpretation of language about space and
motion is computed from the words in the sentence, the grammatical structures,
and the context of utterance. We have implemented a system which simulates
this act of interpretation in some detail: a natural language interface to a virtual
reality, geographic information system (the NLVR system). Our goal is to
provide an expressively powerful human/machine interface by simulating human
understanding of natural language imperatives. Examples of the sentences we
will discuss includeturn around drop down to the groundzoom northwardand

veer ¢f thirty six degrees to your rightThese are the kinds of sentence that a
viewer can utter in order to navigate through our virtual environment. Utterances
such as these raise two problems for a theory of meaning:

The problem of computing lexical, phrasal, and full sentence meaning of
sentences uttered within an extra-linguistic context; how does the context
constrain meaning?

The problem of composition of meaning; how is the meaning of a sentence
composed from the meanings of its parts?

On our view these two problems are linked. In Sections 4 and 5 we motivate and
present our theory which (a) captures lexical meaning in terms of conceptual
structures of conceptual primitives; and (b) explains how these conceptual
structures can be composed into full sentence meanings. We believe that it is
important to work out details of this composition of meaning in order to advance
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and constrain hypotheses about the human conception of space and motion that
supports intelligent speech. The ancillary benefit from this work will be a more
useful and expressively powerful natural language interface to a VR system.

We begin with a description of the NLVR system in Section 2 followed by a
discussion of the situation of the viewer in the virtual environment in Section 3.

2. Thevirtual environment

The authors have created a fully operational speech and natural language
interface to a real-time 3D virtual reality environment. The interface supports
navigation in a 3D landscape and is an interesting testbed for detailed semantic
interpretation of spatial and motional language.

The virtual environment software runs on a Silicon Graphics Octane
computer. We use both a wide screen desktop display (12 inches high by 19
inches wide) and a back-projected glass wall display (5 feet high by 6 and 1/2
feet wide) to show the virtual environment. A snapshot of a typical scene appears
in Figure 1. This is a view of the National Training Center in central California.
The terrain in this scene is modeled and displayed in real time (about 16 frames
per second) using the Virtual Graphic Information System (VGIS) (Koller et al.
1995). The terrain models are derived from elevation and imagery data.

The Spoken Language Navigation Task requires a user (who we call the
viewer) to navigate through this environment using only spoken natural language.
In this application navigation consists in moving your point of view about in any
of six degrees of freedom: at various linear and angular speeds, in various
directions, for various distances, or to various locations. It is possible to create
complex motions and trajectories in this way. An interesting outcome of this
project has been the realization of the importance of perception of spatial motion
and how this can be interpreted and controlled through natural language — a
point we will return to below.

The theory of lexical meaning as conceptual structure and the composition
of these structures into sentence meaning that we present in this paper was
implemented in the Interpreter portion of the Navigation Expert Module. We will
not take space in this paper to discuss the other modules of the overall computa-
tional system, the architecture of which is discussed in (Gurney et al. 1998).
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Virtual GIS

File Interaction Options

18/8IEPS

Figure 1. Virtual scene from the viewer’s point of view

3. Theviewer, the scene, and the environment

To use the NLVR system, a viewer faces the VGIS screen, wearing a micro-
phone headset, and utters commands which are interpreted by the system causing
actions in the VGIS system. One utterance will cause changes in the scene to
which the viewer may respond with a new utterance in a continuous processing
loop. Users quickly learn how utteranceffeat their movement through the
scene. Normal use of this system depends on what the viewer perceives along
with other knowledge brought to the task (e.g., notions of compass points) and
knowledge inferred. The viewer’s utterances and expectations of tffeict®
will depend on his beliefs or conceptions about these and other factors. We will
call all of this the viewer’s conception of the state of the environment.

We define the actual state of the environment as all of the information about
the virtual environment required for fully adequate computation of the meanings
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J

16/4IERST)

Figure 2. Scene close to a mountain

of the viewer’s utterances. There is a well-defined and precise state of the virtual
environment that held true at the time of the snapshot in Figure 2. This picture
is probably confusing to the reader of this paper. However, the scene at the time
this snapshot was captured was not confusing to the viewer because the viewer
perceives and represents scenes dynamically and this is essential to the viewer’s
conception of even stationary objects and (in our case) the terrain. Figure 2 is
what the mountain looked like after the viewer had flown straight south from the
viewpoint in Figure 1 right up to the side of the mountain. Over this time period
the viewer spoke the following utterances into his microphone headset:

stop

crawl straight ahead

look to the southeast

look slowly down thirty degrees
roll

After observing the dynamicfiects (motions and turnings) of his utterances the
viewer knew what he was perceiving in Figure 2. We will explain how the
interpretation of these utterances was computed in Sections 4 and 5. For now we
want to use this example of viewpoint navigation to say a few things about
system state in our environment. At Figure 2 we have the following values for
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some of the state variables (where vp is the viewer’s viewpoint):

vp roll=+30.0 degrees from horizontal,

vp pitch =-30.0 degrees from horizontal,

vp yaw =109.0 degrees = southeast bearing,

vp linear motion vector = 3.75 meters per second and 180.0 degrees bearing,
vp altitude =+866.0 meters from sea level along vp z axis,

local ground elevation=+721.9 meters from sea level where vp z axis
intersects terrain,

vp latitude =35:16:31 N,

vp longitude =116:36:46 W.

The representation of these aspects of the state can be accomplished with three
coordinate systems that share their origins at the viewer’s viewpdngaze
coordinate system aligns one axis (its x axis) with the direction of gaze. A local
global coordinate system aligns its three axes with the vertical, with North, and
with East. The third gravitational coordinate system keeps a vertical axis (shared
with the local global system). There are, of course, other collections of coordi-
nate systems that could be employed to represent the same state (Jéickendo
1996 and Tversky 1996). The coordinate systems we use were chosen as natural
for the task of computing meanings of the sentences used in this environment, as
we will illustrate in the following sections.

As stated above, there are importanffeliences between the state of the
environment and the viewer’s conception of that state. The former is fully
specified or determinate (just as it would be in an actual physical environment
where speeds, elevations, bearings, and so on are precisely whatever they are).
The viewer’'s conception abstracts from this. For example, he may conceive of
his current speed as fast or slow but not 53 meters per second. Two interesting
and pressing questions that arise from this are:

What is the inventory of spatial entities and structures of the viewer’s concep-
tual state?

How does this conception correspond to and co-vary with the state of the
virtual environment?

Our work in natural language understanding, lexical conceptual structure, and
composition of sentence-level meanin@iens partial answers to these questions.
In the next section we discuss a selection of typical NLVR utterances in this
light. And in Section 5 we will discuss our theory of meaning and lexical
conceptual structure more formally.
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4. Spatial language used for the navigation task

Our purpose in this section is to discuss the problem of computing lexical,
phrasal, and full sentence meaning of sentences uttered within the extra-linguistic
context, the problem of composition of meaning, and the link between the two.

4.1 Referring to coordinate systems with verbs

Interpretation of a sentence like (1) requires that lexical information be combined
with contextual information. In our application, the relevant contextual informa-
tion will be available as state information.

(1)  turn the chopper all the way around

The noun phrasé¢he chopperin (1) refers to a helicopter. The use of noun
phrases to refer to entities has been the most studied aspect of the influence of
context on meaning in this century (Russell 1905; Kripke 1972; and Heim 1982).
But the meaning of (1) also depends on other aspects of context that are more
relevant to our NLVR application and our notion of state discussed above. We
are interested here in the vetlrn and the particlearound both of which also

refer to entities, namely, coordinate systems, vectors, and other items of the state
of the environment.

The interpretation of the verlburn depends on: choosing a coordinate
system; and choosing an axis in that system. The coordinate system must be one
that is embedded in the object that bears the thematic role “theme”, in this case
the helicopter. The axis for turning (the axis about which the rotation occurs) is
some salient axis of the gaze system (in this case) of the helicopter. We assume
that, by default, this is normally a vertical axis and that, by necessity, this axis
must be a canonical axis of the object. For a helicopter, one canonical axis
would normally be the one aligned with the shaft of the main propeller.

The particlearound modifies the verlturn. It does so by referring to the
same axis in the same system as did the verb. If this reference failed the
sentence would be uninterpretable. Thus the sentence:

(2 sell the chopper all the way around

could not have a meaning along the lines of (1) becaaieloes not refer to a
spatial coordinate system. There may be another constructible meaning; if so,
that would employ a dierent, though perhaps related meaningaofund as
well (see, for example, (Gruber 1965) on semantic fields and (Edla87)).

Here we have a sketch both of how the meanings of words depend on state
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and how the meaning of a sentence is composed. We might say that in (1) the
verb and the particle invoke hidden references to geometric entities that are
available from the state of the environment. Note, finally, that these meanings
depend only on selected aspects of state. The compass bearing of the helicopter,
for example, is irrelevant to (1).

4.2 Referring to axes with particles

In contrast to (1), most of our utterances in the Spoken Language Navigation
Task are imperatives with no direct object as in (3) and (4). These are examples
of intransitive, unaccusative verb phrases (Levin and Rappaport Hovav 1995).

3) turn around
(4) turn over

The missing or unexpressed object here is the addressee. This object is actually
represented in the syntactic form of the sentence as a pro subject, as shown in
Figure 3. This tree is a simplified form of the output from our parser REAP
(Garmanmsg. REAP implements a Principles and Parameters syntax (Chomsky
1981, 1986) which inserts the pro node in the parse tree and marks that node as
the theme. The theme of the verb is, by definition, either the moving object or
the object &ected by the verb. This is the object that supplies its axis for the
turning motion. So the coordinate system invoked by the verb can be read

off the parse tree for (3).

The diference between (3) and (4) is in the particlagund refers to a
vertical axis andover refers to a horizontal axis, both of which must be in a
coordinate system referred to by the verb. Evidence for these claims comes from
considering the sentences as they would be utteredffiareint contexts. Thus,
if (3) were directed at a person who is standing up a rotation about his major
longitudinal axis is normally meant. And if (4) were directed at a person who is
lying down rotation around the same longitudinal axis in the same coordinate
system is meant. This time that axis happens to be horizontal as required by the
adverbover. But (3) directed at the person who is lying down is somewhat
unnatural or puzzling. This follows from the fact thiatrn prefers the major
longitudinal axis (which is now horizontal) whiroundrequires a vertical axis.
There is a caveat: thes@fects can be overridden by pragmatic factors. We will
not analyze pragmatics in this paper; see (Levinson 1983). We note, however,
that pragmatics is somewhat ubiquitous, even in our virtual environment. For
example, whethearound calls for a rotation of 180 degrees, 360 degrees, or
some other angular distance is a matter for pragmatics. In our application we
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Figure 3. Parse tree for (3)

short-circuit this bit of reasoning by writing 180 degrees into the meaning of
around (see Section 5). Our plan for the NLVR project includes a more princi-
pled and adequate treatment of pragmatics in the future along the lines of
(Gurney et al. 1997).

4.3 Referring to vectors with adverbs and particles

Imperatives to alter a scalar property of an event, such as speed, as in (5),
depend on some current speed for satisfaction. There is also a presupposition of
some current speed in (5). Both the existence of speed and the existence of
motion are normally perceptible by the viewer, though their determinate values
are not normally perceptible. So in (5) the viewer is referring to a speed he can
see although he need not know its magnitude.

(5) fly faster
(6) flyup
The verbfly in (5) refers to some action and its vector that is in a coordinate

system of the theme. Given this, the adveasterrefers to the magnitude of that
vector, leaving any other properties alone. To capture this we propose that the



SPATIAL MOTION IMPERATIVES 275

conceptual structure of the action includes a vector in a coordinate system. Thus
a meaning for (5) can be constructed because the adverb refers to the same
vector as the verb. How mudasterincreases the speed referred to is a matter
for pragmatics or beliefs about normal speéds.

Example (6) difers from (5) by using a particle instead of an adverb. In
this caseup refers to the vector of the linear motion action as féidterin (5),
but it modifies the direction rather than the magnitude of the vector. In our
application up simply redirects the motion vector in its coordinate system,
leaving all else untouched.

Before moving on to a completely ftierent type of verb modification we
should mention an important variation on (6).

(7) fly up the hill
(8) go up the hill

IP
/\
NP Ibar
| /\
Pro Infl VP
\
Vbar
/\
Vv PP
| /\
Go P NP
N
Up D|et l\||
The Hill

Figure 4. Parse tree for (8)

Here we have replaced the particlp with the prepositional phrasap the hill
The parse tree for (8) appears in Figure 4. As before, the wpnafers to an
axis in a coordinate system, as well as the positive direction. The coordinate
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system is still embedded in the object referred to by pro, that is, its origin is in
the object. But the vector referred to loypp must be aligned with the intrinsic
coordinate system of the object of the preposition, the hill. The question is which
coordinate system of the hill doesp refer to? Unlike the viewer’s viewpoint, a

hill has spatial size and structure. For this reason, none of the three coordinate
systems (gaze, gravitational, global) mayfse for what is meant byp the hill
Elsewhere (Klipple and Gurney 1997) we proposed a family of curvilinear
coordinate systems that conforms to the outer surface of the hill. After referring
to one of these coordinate systenug aligns its vector with the appropriate
z-axis within. Our current NLVR application does not implement cases like
these, mainly because we have no computations yet that can recognize or extract
proper hills or other such emergent terrain objects in our environment.

4.4 Creating goals for actions with prepositional phrases

Sentences like (9), which refer to a goal of an action, have been at the center of
research in lexical semantics (Gruber 1965; Jack#nd®83; Levin and
Rappaport Hovav 1996; Tenny 1987).

(9) drop down to the ground
(10) drop down

Example (9) requests a completed action. (10) requests an action that has no
definite end; any amount of dropping down would 3m a sense, these two
actions are of dferent kinds. The verldrop in (9) refers to the viewer’s local
gravitational coordinate system. It also refers to an axis in that coordinate system
(namely, the vertical axis) as well as a motion vector, pointing down, aligned
with that axis. In this way, the verfirop incorporates meaning that is typically
expressed by verb modifiers (like the partidewn). In our implementation, the
particledownin (9) is redundant; explaining why it looks natural for it to appear

in (9) is beyond our current interest. Since it is redundant, its meaning composes
nicely with the meaning ofirop; it also refers to the vertical axis and a vector
along it pointing down. On the other hand (11):

(11) drop up

would be uninterpretable. The verb and the particle refer to the same coordinate
system and axis but they also refer to opposite (therefore, incompatible) vectors.
The prepositional phrast the groundcreates a goal in (9). This result
arises out of composition of meaning — as it must. The noun plihesground
refers to a piece of the terrain. The prepositiomperates on this terrain to refer
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to a location in the coordinate system referred to by the deop. This location

is the goal. So the original unbounded, atelic motion action becomes part of a
more complex telic action. Our views on the transformation of atelic to telic
spatial motion actions follow the lines originally proposed by (Pustejovsky 1992)
(which fails to account for spatial geometry, however). An adequate cognitive
theory of telicity for spatial motion actions has not been developed at this time.
For the NLVR implementation, we simply distinguish two versions for each
action — one atelic and one telic.

4.5 Other examples

There are several other ways that the meanings of words access conceptions of
the state of the environment. Examples of a few other kinds of sentence that fall
into this group arestart dropping a lot fasterveer g thirty six degrees to your
right, look straight downback up three klicks

We have said little about the mood of our sentences. All of the examples we
have discussed are in the imperative mood. The declarative mood of (12) and the
interrogative mood of (13) have ratherfifédrent éfects in our application, of
course.

(12) he turned around
(13) did he turn around

Meanings of words and phrases are the same no matter what the mood of the
sentences. Mood, however, takes scope over a sentence. It ranges over the
conceptual structure that was composed for a sentence and determines how a
sentence is to be understood and responded to.

5. Thecomposition of meaning in the navigation expert module

Our natural language interpreter composes meanings for sentences that have been
parsed by REAP and translated into logical forms by the Logical Form (LF)
Module. The logical forms for some of the sentences we have discussed include:

LF for (3): [pro:X1, [turn:E:X1, [around:E:X2, pro:X2]]]

LF for (5): [pro:X1, [fly:E:X1, faster:E]]

LF for (9): [pro:X1, [drop:E:X1, [down:E:X2, pro:X2], [to:E:X3, [the:X3,
ground:X3]1]

LF: [pro:X1, [veer:E:X1, [off E:X2, pro:X2], [measure:E: X3, [number:thirty-
six:X3, degree:X3], [to:E:X4, [your:X4, right:X4]]1]
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In these logical forms of natural language sentenges the event referred to by

the verb (Davidson 1966) and thés are the various participants in the event.
Thus, turn:E:X1 means thakE is a turning event withX1 as its themé. The
process of interpretation in the Navigation Expert Module works by traversing
the LF structure recursively while accessing lexical entries for words (which
have become predicates in the LF). The composition of meaning occurs during
this process by accessing the sub-lexical elements not visible in the LF (see next
subsection) and applying compositional functions over them.

5.1 The lexicon

Lexical entries for verbs, adverbs, particles, prepositions, nouns, and so on, must
specify structures of the appropriate state elements. These are the lexical
conceptual structures, LC8sThus, words decompose into structures of non-
linguistic primitives. Fully adequate LCSs for the lexicon of a natural language
such as English is a goal of ongoing research (Levin 1993; Pustejovsky 1993;
Klipple 1997). For our purposes, we have built an inventory of LCSs that aims
to be adequate for the NLVR navigation task.

Here in schematic form are a few of our lexical entries. An explanation of
terminology follows below. Some verbs:

vm(turn, rotate-act:E:TH).
vm(turn, rotateto-act:E, TH).
vm(rotate, rotate-act:E:TH).
vm(rotate, rotateto-act:E:TH).

In the lexical entries foturn androtate — which we do not distinguish in our
current system —E is the event (Davidson 1966) afidH is the theme (moving
object)® Both words refer to the same basic (i.e., conceptual) actaate-act
As mentioned above, we divide all basic motion acts into telic and atelic
versions, for exampleptate-actandrotateto-act

The verbzoomcan mean either an axial act liketate-actor a linear act
like translate-act This verb incorporates not only a reference to the act but also
one of the properties of a basic act, namslyeed as shown in the following
lexical entries.

vm(zoom, [A, speed(A:E:TH, FS)]) :- typeact(A, axial), canon(A, TH, speed,
S),FSis4.0*S.
vm(zoom, [A, speed(A:E:TH, FS)]) :- typeact(A, linear), canon(A, TH, speed,
S),FSis4.0*S.
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In the first entry forzoom A is the basic motion act (it could retate-act) and
FSis the required speed, which is (perhaps arbitrarily) fixed at four times some
canonical speed for the obje€H undergoing the ach.

The particlearoundis represented as:

partm(around, A:E:X, [coordsystem(E, CS), axis(Z, CS), embed(CS, X),
goal(E, 180.0)]) :- typeact(A, axial), typeact(A, telic).

In this lexical entry foraround E is the event ani is some entity referred to

by the pro object of the particle in the parse tree. As we can see, the word
aroundrefers to several properties of a basic actiomordsystemaxis andgoal.
Furthermore, this meaning faroundcan only apply to acts of typaxial.”

In general, these words refer to actions, geometrical and other entities, or
their properties. There is a finite number of these conceptual items and there are
various restrictions on their types and application. Furthermore, the members of
this relatively small group of conceptual items are constituents of a relatively
large number of word meanings.

5.2 Conceptual primitives: Basic actions and properties

The basic actions, entities, and their properties that we employ in building the
lexicon are the types of things that also become the components for the state of
the virtual environment discussed in Section 3. Many of them are observable by
the viewer or can be easily brought into the viewer’'s conception of the state.
Below we list a few examples of these conceptual primitives.

Basic actions occur in a taxonomy, a portion of which we display here.
rotate-actis a motion that is axialtranslate-actis a motion that is linear.

motion(E) :- axial(E).

motion(E) :- linear(E).

axial(E) :- rotation-act(E).

linear(E) :- translate-act(E).
The basic actions have structure, examples of which are specified by the
following two formulae.rotate-acthas an axisA in a coordinate syster@ that

is embedded in some objext E is a variable that will be bound to any particu-
lar instance of aotate-actevent.

rotate-act(E, X) :- axis(E, A), coordsystem(A, C), embed(C, X).
translate-act(E, X) :- vector(E, V), coordsystem(V, C), embeddedin(C, X).

As illustrated in the lexical and basic action examples above, the basic actions
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have various associated properties. In additiomxts, vector, etc., others are:
direction(E, D) which is the positive or negative direction of an axial act,
gaze(C)which is a type of coordinate system, arakis(A)which singles out an

axis in a coordinate system. In addition, there are: linear measure, angular
measure, coordinate points, and rates of change of quantities, among others.

5.3 Other actions

Properties and quantities get fixed by value-setting and value-getting actions. For
example, for the imperative (3)uin around the following value-setting action
would be performed before executing the main action:

set(goal, E, 180.0).

And for the imperative (7)drop down to the grounjdthere are two preliminary
value-setting actions and one preliminary value-getting action:

set(direction, E, negative),
get(elevation(H, terrain)),
set(goal, E, H).

Value-getting actions corresponding to the state variables include:

get(E, speed, S),
get(X, pitch, P),
rotating(X, YN).

The formularotating(X, yes)means thaX is currently rotating.

6. Conclusion

The lexical semantic constituents of the words we have been discussing refer to
pieces of the viewer’s conception of the state of the environment. For language
about space and motion, these include coordinate systems, axes, motion vectors,
direction vectors, the terrain and other objects, including the viewer. These types
of entities should be added to the ontology already assumed for LCSs. This is
necessary for two reasons: first, for an adequate treatment of the semantics; and
second, for grounding interpretation in real or artificial non-linguistic contexts.
Vagueness and other kinds of uncertainty must be accounted for by pragmatics
and inference from world knowledge, and values determined in this way must be
input to the algorithm that composes meaning. Meanings of phrases and sentenc-
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es are found by coherently composing the items referred to by the words, in an
algorithmic and predictable manner.
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Notes

1. (Jackendfi 1996) talks about coordinate systems as “frames of reference”. The same notion (or
a closely related one) is called “perspective” in (Levelt 1996; Tversky 1996).

2. If we were to extend normal Tarskian denotational semantics to this case we would say that the
verb denotes a set of vectors and the adverb denotes a subset of this set. See (Chierchia and
McConnell-Ginet 1990) for an example of Tarskian formal semantics applied to natural
language and see (Larson and Segal 1995) for a non-set-theoretic and, to our thinking, more
interesting version of formal semantics.

3. The lexical semantics afrop has to be compatible with telic (bounded) and atelic (unbounded)
meanings. This is not trivial, but we will not discuss it here. See (Dowty 1979; Tenny 1987;
Dorr and Olsen 1997).

4. The notation here and throughout Section 5 is Prolog.

5. Our theory of LCS is not identical to that of (Jackeffd®83) or (Levin and M. Rappaport
Hovav 1995, 1996) but it is in the same spirit. We would envision that the theory of LCS be
supplemented by our proposals.

6. The verbgurn androtate actually have significant but only partially overlapping distributions
in English.

7. This kind of restriction achieves for verb meaning what (Pustejovsky 1993) calls co-composi-
tion.
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Modelling Spatial Inferencesin Text Understanding

Ute Schmid, Sylvia Wiebrock and Fritz Wysotzki
Technical University of Berlin

1. Introduction

When reading a text describing the arrangement of objects, humans construct a
mental modelGarnham 1981; Glenberg and Langston 1992) representing the
situation. This mental model is “structurally identical” (Johnson-Laird 1983) to
the described situation in the sense that the relations holding in the situation can
be inferred from the model. In our approach, the mental model is represented by
a graph. The nodes correspond to the objects, while the arcs are labelled with the
relations.

A sample text describing spatial configurations — similar to the texts used
in experiments by Franklin and Tversky (1990) and Hérnig et al. (1996) 1- is:

(1) Torsten is standing in the kitchen.
(2) The refrigerator is standing on the left of Torsten.

3) The bowl is standing on the refrigerator
Sentences for the other three basic directions

(4) Torsten turns left.

In this paper, we will deal with inferences in the static situation described by
(1)—(3) only, and not with those involving motions (e.g. (4)).

To handle texts like the one above, we want to be able (a) to distinguish
deictic andintrinsic uses of spatial propositions, (b) to allow for a reorientation
and/or movement of objects, and (c) to infer spatial relations after reorientation
of the protagonist. Therefore, objects are supplied with a coordinate system. The
x-axis corresponds to the left/right axis, th@xis to the front/back axis and the
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z-axis to the above/below axis of the body. The orientation of these axes is
arbitrary for objects without intrinsic axes. To describe relations, we follow an
approach that is used in robotics (Ambler and Popplestone 1975). A relation
between two objects A and B is described by the 4 matrix corresponding to

the rotation and translation needed to map the coordinate system of A onto that
of B. For the restricted case where only rotations around the vertical (z) axis are
allowed, this matrix has the form:

0 AlAB) O

0 0 $ -sim 0

o R arBg [co sy 00
T=0 y 0 with R=siné co¥ 0

0 AlAB) [ 00 0 10

H oo 1 A

Figure 1. Relatum A and localized object B

In Figure 1, the meaning of the parameters of the transformation matrix is
shown. We use extended objects. At present, two forms are possible: cuboids
with dimensionswidth for the x-axis, depth for they-axis, andheight for the
z-axis, and cylinders with dimensiomadius for thex- andy-axes ancheight for

the z-axis. We don't have default objects, i.e. in general there may be bounds on
the extension of an object, but we don’t know the exact size. The origin of the
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coordinate system is positioned at the geometric center of the object. The
dimensions are always measured from the origin of the coordinate system along
the corresponding axis. That means that the parameters denote half the size of
the object. Note that even in a situation where all objects are standing on the
ground, the A™® values will be non-null whenever objects haveffetient
heights.

Spatial relations likeight_of are defined by constraints on the parameters
of the transformation matrix. To find psychologically valid definitions for spatial
relations is an open problem.

Though Franklin, Henkel, and Zangas (1995) and Vorwerg and Rickheit
(1998) report overlapping, non-symmetric regions dfedent sizes for the four
basic directions, we are not sure whether these results are applicable to text
understanding. For a discussion of the influence of relative size and orientation
on the so-called “acceptance areas” see, e.g. Herndndez (1994), Gapp (1994) or
Gapp (1995). In our model, we usually know neither the exact sizes, nor the
exact distances and angles of objects. Therefore it is hard to include these results
in our definitions. Other results from Zimmer et al. (1998) support the theory
that the four base relations are nearly exclusively used for the prototypical
positions (only along the axes). Thus, at present we simplify the definitions and
use the relations shown in Figure 2. Bright_of A if and only if the smallest
bounding box containing B (shown with dotted lines in the picture) is completely
included in theright region of A. Such simplifications are common in artificial
intelligence solutions. We plan to include more realistic definitions in the future,
but concentrate on other aspects of the model at the moment. For the sample
texts considered so far, these definitions are sufficient.

Intrinsic spatial relations are defined by a set of (in)equations using the
parameters of the matrix and the dimensions of the two objects. As any move-
ment (and rotation) can be described by a transformation matrix, the relation
between two objects can easily be updated. It is also possible to introduce a third
parameter (the current reference frame, see Claus et al. (1998) for a discussion)
and compute the relation between A and B for a given perspective V in case of
a deictic interpretation of the relation. Currently, we always assume that an
intrinsic reading is intended. In contrast to qualitative spatial reasoning (e.g.
Hernandez 1993), where it is not possible to compute the relation between B and
A, given only theintrinsic relation between A and B, we only need to invert the
matrix to compute the transformation. As can be seen in Figure 2, this transfor-
mation need not correspond to a defined relation. In the example, we cannot
label the arc from C to A with the name of a relation. This means, the arcs in
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A B

in front

left Y T_.
X

behind

B is right of A X

Cis left of B

Figure 2. A possible set of relations

our graphs will always be labelled with a transformation matrix and may also be
labelled with the name(s) of one or more defined relations.

In the following, we will use the example text to explain the algorithm we
have implemented. The psychological motivation for our program, and the
unsolved questions with respect to the construction of and the access to a mental
model are discussed in Claus et al. (1998). Recent results can also be found in
Hoérnig et al. (1999).

2. Description of the Program

When started, the program reads the definition of objects and predefined relations
from two files.An object description contains the name of an object class (e.g.
person, the form gylinder), the names of the dimensionsgndh) and optional-

ly upper and lower bounds on the possible extensions. The graph is initialized
with a subgraph representingraom object (see Figure 3). When sentence (1)

is read, a node for Torsten is created and an arc fforstento theroom node

is introduced which is labelled witls_in_roomand the generic transformation
matrix. The constraints for this_in_roomrelation are stored in the constraint
table. The transformation matrik°™ ™) describes the rotation of the axes and
the translation of the origin of theom coordinate system necessary to identify
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both coordinate systems. When this matrix is multiplied with a vector represent-
ing a location of an object A (respectively its origin) Trorsten’scoordinate
system, the result is the location of A with respect to them coordinate
system. Therefore the arc is pointed frdwrstento theroom node. In Figure 3

the default graph for @om node and the default layout of a room is shown.
Neither theroom object nor any of its sub-objects have intrinsic front or right
sides. The coordinate system mfom is positioned parallel to its walls. The
coordinate systems of the walls are positioned in such a way

that the relationis_in_room corresponds to a negativ&@"A value for any
object A and any wall.

room A_f X
F y wall2
room.d

ceiling
walll wall2 wall3 wall4

floor X wall3 L x ' walll {L

Subgraph for room room X

Constraints: A
wall_i.w = ceiling.h = floor.h =0
floor.w = ceiling.w = room.w
floor.d = ceiling.d = room.d

wall_i.h = room.h X r
walll.d = wall3.d = room.d

wall2.d = wall4.d = room.w Bird’s eye view of room

Figure 3. Default constellation for room object(s)

When sentence (2) is read, a node for iseigerator is created, the arc for
the mentioned relatioleft_of (Torsten, refrigeratoris introduced, and the arc for
the relationis_in_room(refrigerator) is introduced (as part of our background
knowledge). The transformation matrix and constraints for ifhen_room
(refrigerator) arc are computed by multiplying the matrices f6F°°™ ™) and
T (™) and propagating the constraints. In addition, the generic constraints for
the is_in_room relation are stored (they only state that an object must be com-
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X

y iwallZ

refrigerator y Ay
wall3 y
= o x
X ‘; y x walll
;_> room
y X
X

Torsten

> v
wall4 ;
X

Figure 4. Possible situation for sentences (1) and (2)

pletely inside the room). A possible situation for these two sentences is shown in
Figure 4. As the walls are not distinguished, we have chosen to driestenso

that his coordinate system is parallel to th@om coordinate system. This
corresponds to the transformation matrix

0 o o A(Xroom,To) 0

T(room To) :Ep 10 A(yroom,To) E
b 0 1 To.h-room.@
H o0 o 1

with the constraints for thés_in_roomrelation

~(roomw~- To.1) < AL°™T) < roomw To.r and

~(room.d- To.) < AL*°™™) < room.¢ To.r
The refrigerator has an intrinsic front (presumably where the door is) and is

oriented with its back side against the wall. The transformation matrices for
left_of (Torsten, refrigeratoy andis_in_room(refrigerator) are
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|:|0 1 0 A(xTo,re) 0
0 0

T(rore) _-1 0 0 A
o 0 1 re.h- To.k@
Ho o o 1

with the constraints

A7) < —(To.r+re.d)
—’(|A(XT°’”’) |—To.r—re.d)+( To.r- re.W] =

—(—A(XTO"E) —re.d—re.V\)sA(yTO're) s(—A(XTo're) - re.d- re.\}

Co

A(Xroom ,re)
room,re
a(reoma

O
g O
and  T(oomre) -1 0
re.h- room PE

Uo
Ho

OO O -
o O O

with the constraints

A(room,re) a A(room,To) s AS(T 01€)

X Bl ¢
~(roomw- re.d< A™™® < roomw- 2To.r- re.d

A(room,re) _ Agoom,To) i A§T 0,1€)

~<

—(roomd- re.w< Amom ¥ < room.d- rew

To get these (in)equations, we use the fact fR&te™®)=T(om.10) , T(Tosre)
Thus we get the generic constraints for thein_roomrelation updated with the
upper bound onA{®™ plus the equations for{*™™) and AJ°™T°) The
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constraints om\{!°"® contain the variabla{*"® and are not used to build further
constraints forA{°°™ ")

This strategy of immediately updating tie in_roomarcs corresponds to
the selection of theoom coordinate system as a global reference frame. Though
we retain all arcs given by the propositions, we always compute the position
relative to theroom To use the coordinate system of the protagonist (e.g.
Torster) would be cognitively more plausible, but as yet we have no conclusive
results about the building and updating of mental models and have opted for the
most dficient (from a computer science point of view) strategy.

walll

Torsten

is_in_room

wall2 ﬁ

left

_—
Lellmg> <—— room refrigerator

floor is_in_room
wall3 < L
bowl
is_in_room
wall4

Figure 5. The graph after three sentences

Suppose that after sentence (3), we have the graph in Figure 5. In this graph
all and only the relations given in the text plus the implisitin_roomarcs are
represented. Suppose further that we were asked the relationship b&tvstem
and thebowl. To infer the relation betweenorstenandbowl, we have to find a
directed path fronbowl to Torsten In the figure there is exactly one such path,
but — as stated above — we can easily compute the inverse relation, i.e. invert
the arc, by computing the inverse matrix. These inverted arcs are not introduced
into the graph, because we want to keep the number of arcs as small as possible,
but can be used for the inference. Now we get four possible paihsl —
refrigerator — Torsten bowl — room — Torsten?, bowl — refrigerator room—
Torsten?, and bowl — room — refrigerator — Torsten where the raised*
denotes inverting the preceding arc. The default relation is_in_room introduced
for every object ensures that the graph is always connected. Therefore we will
always find at least one path. Which path is chosen for the inference depends on
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the search strategy. From a computational point of view, we might prefer to omit
the search altogether and take the path viartwn node which is always a
shortest path. This is the default strategy we have implemented at ptébaret.

have found a path, we can multiply the transformation matrices at the arcs. For
the default path via the room node, we get the equation

T(Torsten,bowl) T (room, Torstef) xT (room,bowl)

If we substitute the known matrices on the right side, we get

100 _Ag(room,To)
(room,To)
010 —Ay“"’m R
0 0 1 —(To.h-room.h)
000 1
010 Ag(room,bowl)
(room,bowl)
y 100 Ayroom owl
0 0 1 2re.h+bowl.h-room.h
0 0O 1
010 A&room,bowl)_A)Eroom,To)
(room,bowl) _ 4 (room,To)
_ —l 0 O A;OOm oW _AyI'OOm 0,
0 0 1 2re.h+bowl.h- room.k (Tor ramh)
0 0O 1

After simplifying the expressions as far as possible and propagating the con-
straints for the parameters in the matrix, we have to match the constraints for the
transformation matrix against the definitionsadff pre-defined relations. For the
example above, it can easily be proved thedt_of (Torsten, bowl holds (and
none of the other relations, if we only provide the set shown in Figure 2anhd

For the natural pathowl — refrigerator — Torsten the computations would be
even simpler.

In general, this task is by no means trivial, because we can get nonlinear
equations involving trigonometric expressions. As shown above, a possible
simplification of the problem is the use of defaults. Currently, we restrict the
orientations of objects to multiples of 90° around thaxis. This means that the
coordinate systems of all objects become parallel or orthogonal. This makes the
inferences easier without too much loss of expressive power. We are at present



294  UTE SCHMID, SYLVIA WIEBROCK AND FRITZ WYSOTZKI

working on the problem of finding heuristics to prove trigonometric (in)equations
for arbitrary rotations around the z-axis. We are also investigating the application
of machine learning algorithms for constraint solving (see Geibel et al. 1998).

3. Related Work

We have described above a quantitative approach to spatial reasoning. Typically,
this approach is used when both the size and the positions of the objects are
known. In applications, as for example the virtuffie environment of Jording

and Wachsmuth (1996), where a robot can move objects to support computer
aided design tasks, the use of quantitative methods is mandatory. While our
focus is on the inference of spatial relations, in their scenario the emphasis is on
changing perspective (involving such inferences) and on the interpretation of
spatial expressions. The early work from Waltz and Boggess (1979) is also
similar to our approach, but relies heavily on defaults, which greatly simplifies
the inference process. Compared to these works we face two additional problems:
(a) our (in)equations are not strictly numerical, but contain variables for object
extensions and distances. This means we often have incomparable expressions in
constraints on the same variable which makes constraint propagation and
constraint solving more fficult, and (b) in the general case those (in)equations
will also contain trigonometric functions.

Most papers on spatial reasoning favour qualitative calculi. Mukerjee and
Mittal (1995) argue that spatial information is usually non-quantitative and under
determined. Therefore, a coarser qualitative calculus may oftfitesdor the
task at hand. In their work, they compareffeient calculi for qualitative
homogeneous coordinate transformations, i.e. all matrix entries are elements of
{-1, 0, 1}. Though they additionally make use of topological information, the
composition of relations yields a high degree of uncertainty in the general case.
There are only nine possible sectors for objects in two dimensions, and the
extension of objects (non-overlapping) cannot be formulated. On the other hand,
the inference process is verffieient and Mukerjee and Mittal suggest the use
of such calculi in restricted domains or in hybrid reasoning systems.

More typical for qualitative spatial reasoning is the work of Hernandez
(Hernandez 1994; 1993). In his calculus, a relation between two objects is
determined by an orientation (e.g. front-right), topological information (e.g.
touching) and the current frame of reference. His 2-D model allows the specifi-
cation of different levels of granularity for the orientation.

Despite the computational advantages of qualitative reasoning, we feel the
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lack of expressive power — (relative) size of objects, and distances cannot be
expressed — justifies to investigate the more involved quantitative methods
described above.

4. Discussion and outlook

In this paper we have focussed on the program and have largely ignored the
psychological questions concerning the mental model. These questions are
discussed in Claus et al. (1998). The model as presented above is implemented
as a prototype SPACE/O (Wiebrock et al. 2000). In this prototype, we only
consider intrinsic uses of spatial expressions. The graph we build contains the
explicitly given relations plus the implicits_in_room arcs. After inference
(including constraint propagation) these arcs contain all available information
about an object’s position in the room. Therefore the mdBtient inference
strategy is to use the path via the room node. This corresponds to a mixed
strategy of localizing all objects with respect to the global reference frame of the
room and still retaining the arcs for the explicitly given relations. As this
example shows, our (implemented) mental model is not equivalent to a single
perspective but allows to computefférent perspectives, if necessary. For the
sample text above, another plausible strategy would be to assume a protagonist’s
perspective and use the protagonist’s coordinate system as global reference
frame. We have preferred the room reference frame because a reorientation of
the protagonist would necessitate the recomputation of all adjacent arcs. There-
fore we tried to keep the number of those arcs as small as possible.

In the example above we never had to consider more than one mental
model. When using relation definitions with disjunctions (i.e. for the relation
beside), we may be forced to construct several pairwise incompatible models.
Another case is discussed in Wysotzki et al. (1997). In this paper, disjoint
models have to be constructed for the sentence “The oven stands at the wall.” As
there are four possible walls, the sentence is ambiguous. At encoding time it
cannot be decided which wall is meant. The situation is disambiguated with the
next sentence of the text, and three of the models can then be discarded.

In the future we plan to parameterize the model so thidemint strategies
both for the introduction of arcs — at encoding time — and the inferences at
access time can be modelled.
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Notes

1. We omit introduction, filler sentences and object descriptions. In our experiments (HOrnig et al.
1996), we are using german texts.

At presentyoom objects are the only structured objects we consider.

Recent results described in Hornig et al. (1999) suggest that the initial position of the protago-
nist, e.g. Torsten may serve as global reference frame. This would correspond to another
organization of the graph.
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Linguistic and Graphical Representations
and the Characterisation of I ndividual Differences

Keith Stenning and Padraic Monaghan
Edinburgh University

1. Introduction

Differences between linguistic and graphical representations play an important
role in determining the dierences between peoples’ information processing.
There has been broad agreement about this proposition, as a pre-theoretical
observation, for the last century. However, agreement about how to conceptualise
the diferences has been hard to come by. There have been major disagreements
about what the dierences between the kinds of representations are; about what
the diferences between people are with respect to their representational beha-
viour; and about the origins of thesefférences.

The purpose of the present paper is to try to conceptually connect up
computational insights into the nature of linguistic and graphical representations
with recent approaches to individualfi@rences between people’s information
processing. Any contribution will be conceptual, but a clearer conceptual
framework might prove a useful foundation for empirical work.

The next section outlines the foundations of a computational characterisation
of the diferences between linguistic and graphical representations with a view
to relating them to psychological work on individuaff@rences. It concentrates
on issues of expressiveness, and on the contrast between reasdnung
interpretations, and reasonimgthin interpretations. The third section outlines
recent approaches to individualfi@irences which contrast cognitiggyleswith
cognitivecapacities and debates over whether behaviours result figpresenta-
tional or strategicdifferences. The fourth section explores relations between the
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computational concepts and the psychological directions. It concludes by
proposing the need for connections to be established to sociological theories and
to theories of communication.

2. Computational background

On the computational side, the functionally importantfetience between
graphical and linguistic representations can be seen in terms ofetx@iessive-
ness(in a technical sense), and between the availability of meta-information
about their expressiveness to users witlifedent amounts of background
knowledge about their interpretation (see, for example, Levesque 1988; Stenning,
Inder & Neilson 1995; Stenning & Lemon, in press). Casting the essential
informational diference in terms of expressiveness gives direct access to the
breadth of computational theory to express essential concepts such as strategy
use, and access to interpretations — concepts which are at the centre of the
problematic psychological issues raised by individu#ifedénces.

Computational theory also provides the tools necessary to understand the
equivalences and filerences between representation systems. Much of the
controversy in the field has stemmed from the fact that representation systems
which have very distinct ‘surfaces’ actually turn out, on careful analysis, to be
computationally indistinguishable. Stenning & Yule (1997) have shown that,
despite the controversies in the field of syllogistic reasoning between models
proposed to contrast in the ‘propositional’ or model-based, graphical nature of
their representations, in fact all the extant psychological models (e.g. mental
models, Euler’s Circles, sentential ‘conversion theories’) are implementations of
the same abstract algorithm.

But computational theory does not just provide checks on the functional
distinguishability of diferent representations. It also provides suggestions about
how theories might be distinguished. Despite the indistinguishability of reasoning
internal to the variant models described by Stenning & Yule, the systems are
highly distinct in terms of the possibilities theyfard for external reasoning
about their meta-properties. So, for example, the Euler systegif'&onsistency
is derivable from properties of the plane which are plausibly psychologically
available to inexpert reasoners, whereas deriving self-consistency results for the
equivalent ‘mental-models’, or for the sentential systems requires some logical
sophistication which is plausibly unavailable to naive reasoners. This aspect of
computational conceptualisations of theffgiences between representations
points to the fact that reasonirapout interpretations should be an important
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focus of cognitive models of information processing, but almost all attention
within cognitive science has so far been focussed on reasaniihin interpreta-
tions (whether logic, grammars, expert systems or whatever).

3. Visual and verbal thinking

On the psychological side, recently there has been a growing interest in a
‘cognitive styles’ approach to individual fiiérences (e.g., Messick 1984; Kirby
1988). Cognitive styles are intended to contrast with more traditional psychomet-
ric approaches in terms of cognitive capacities in several ways. Styles are taken
to be manifestations opreferencesfor modes of processing (Jonassen &
Grabowski 1993), rather than an ability to procesthin a mode. It is a moot
point to what degree styles are based on capacities, i.e., whether the availability
or lack of resources determines cognitive style, but at least the door is left open
to the operation of other factors. The shift in interest in styles is exemplified in
the work of Sternberg, whose analyses of individuéiledences in complex task
performance have altered from considerations of capacity and ability (Sternberg
& Weil 1980; Sternberg 1980) to considerations of cognitive style (Wagner &
Sternberg 1987).

Along with this basis in preference, styles are deemed to be non-evaluative
categories. Whereas having a greater mental capgstyfactomakes us better
at doing something (even if only performing better on a test of the capacity),
contrasting styles are deemed to be equally ‘good’ things. So a test of style may
place people at one extreme or the other, but it is a criterion of being a style
dimension that either extreme should be neutral, or perhaps be laudable or
lamentable by turns, across a range of contexts. There may be advantages for one
task or context in one stylistic approach, but if so, then there are deemed to be
countervailing advantages of the contrasting style in other contexts.

Of course this diagnostic of style vs. capacity is empirically fraught, hinging
mainly on whether the characteristic of having a low score on the test in question
has a name, and whether performance on the test is thought to be negatively
correlated with some other ability. For example, ‘field independence’ can be
measured by an ability to pick out embedded geometrical figures from a complex
ground (Witkin, Oltman, Raskin & Karp 1971). ‘Field dependent’ students score
low on this test. If one believes that there is some advantage (over their field
independent peers) that people who are field dependent might have in performing
some other task (measured by some other possible test), then one might describe
this as a style dimension. If not, then it is an ability dimension. Messick and
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Kogan (1963) have derived bipolar cognitive styles by contrasting scores on tests
designed to measure abilities at the two poles, they term this methodology
‘constructed contrasts’.

This idea that styles have a ‘balance of advantage’ across tasks leads to
their third characteristic: they are taken to pervasiverather thanfocussed
affecting what people do across a wide variety of situations rather than in a
single situation. To continue with our previous example, if field independence
were only the capacity to perform extractions of geometrical figures from
complex grounds, then it would be a poor candidate for a style. Field indepen-
dence is of interest because this apparently ‘low level’ perceptual ability
correlates with abilities on superficially quitefidirent tasks.

The contrast between ‘visual’ and ‘verbal’ thinking bears most of the
hallmarks of a cognitive style dimension. These are modes of processing which
certainly manifest in terms of strong personal preferences. For a wide range of
tasks there are choices between doing them fferdint ways which might at
least loosely be called visual or verbal. They are not obviously societally
evaluative abilities. To say of someone that they are not intelligent is negative:
to say they aren'’t visual or aren’t verbal is more neutral, bearing the implication
that they have a profile of abilities at specific tasks where this style will advan-
tage some and disadvantage others.

Along with this growth in thinking about individual flerences in terms of
styles rather than capacities, there has continued a not unrelated controversy
about whether visual or verbal ability ought to be conceived in termsftgrdn-
tial ability to representinformation in one or other modality, as opposed to
differentstrategiesfor choosing and reasoning with representations.

There are many flierent ‘visual’ abilities — at least many fiérent tests
of plausibly ‘visual' tasks which yield less than totally correlated scores —
mental rotation, paper folding, embedded figures, Raven’'s matrices, the GRE
analytical reasoning (analytical) subscale, etc. Setting aside for the moment the
issue of how to individuate these abilities, perhaps the most obvious explanation
of individual differences associated with visual/verbal tasks is in terms of
capacity to summon up, or maintain mental representations in the two modalities.
However, Lohman and Kyllonen (1983) have suggested that ‘high spatial
subjects are to be characterised in terms of tflekible choice of strategief®r
reasoning, rather than representational capgmtyse

Lohman & Kyllonen studied performance on the paper-folding test, and
found that there were various strategies students adopted in the solution of the
task. Those students that scored highest on the test adapted their strategy from a
‘spatial representation’ for the easier problems, to a more ‘analytic’ method for
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harder problems. This analytic method relied on observations of symmetry or
asymmetry in the folding, and deduced the correct answer by cancelling possibil-
ities: it can be loosely classified as a ‘verbal representation’ in contrast to the
spatial strategy. Hence the students scoring high on a ‘spatial ability’ test actually
showed more flexibility in selecting ‘verbal’ strategies when these were more
efficient. Roberts, Gilmore and Wood (1998) assessed strategy use in a ‘compass
direction’ task, where journeys are described as sequences of movements in
given directions (north, south, east, west), and the task is to state the relative
position of the final destination with respect to the starting point. In a more
difficult version, the subject must describe the relative position of two moving
objects. High spatial subjects (measured by the Saville and Holdsworth Advanced
Test Battery Spatial Reasoning test (Saville & Holdsworth Ltd., 1979)) were
good at adopting the optimal (but ‘verbal’) strategy which is to ‘cancel’ opposed
pairs of instructions on the easier version of the task, but used a spatial method
on the more dficult task. Note that ‘cancellation’ is morefertful than a
spatial strategy on the harder task.

Our own studies of diagrammatic and sentential logic teaching with
Hyperproof (Barwise & Etchemendy 1994) reveal large aptitude by treatment
interactions (ATIs) between students’ pre-course GRE Analytical reasoning
scores, and the modality of teaching (diagrammatic + sentential vs. just senten-
tial) (Stenning, Cox & Oberlander 1995). We should note that this study, in
contrast to those previously cited, usedernalrepresentations distinguished by
their modality rather than hypothetically contrastinternal ones. Of course, the
great advantage of studying external representation use is that it is possible to
directly observe which are selected and how they are used. Equally clearly, the
downside is that inferences from these results to conclusions about their relation
to studies of internal representations is indirect.

Analysis of these ATIs (Oberlander, Cox, Monaghan, Stenning & Tobin
1996) shows that they are not based on preferences for one modality or the other.
In fact, paradoxically, the students who fail to gain from diagrammatic teaching
are distinguished by thepreferenceor translation of information into diagram-
matic form. The students who gain most from diagrammatic teaching are ones
who are strategically adept at choosing whether to translate information into or
out of the diagrams.

A related study of the same students’ spontaneous use of diagrams in
performing the GRE Analytical pre- and post-tests (Cox, Stenning & Oberlander
1995) showed that the students who benefited from diagrammatic teaching were
distinguishable on their spontaneous graphical representational behaviour from
those that didn't. The former were better at making optimal selections of
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diagrammatic representation. But interestingly, their problem solving performance
was much more susceptible to the rarer instances when they selected the wrong
kind of representation. The latter students were less adept at selecting representa-
tions, but also less susceptible to their commoner incorrect choices. These results
again suggest that strategy of representational choice is an important component
of ‘spatial ability’.

More recently, Monaghan and Stenning (1998) have analysed on-line
teaching/learning in the simpler domain of categorial syllogisms. Here, because
learning can be achieved in a single session, and because both graphical and
sentential methods for these simple problems can be mapped onto isomorphic
‘single pass’ sequences of algorithmic steps, it is possible to relate psychometric
measures to the learning of particular reasoning stages in the two graphical and
linguistic modalities. This study shows that even though the sentential and the
graphical-plus-sentential teaching methods are equally good overall, students
show reliably divergent responses to them, both in terms of their number of
reasoning errors made, and in the number of tutor interventions. Furthermore the
psychometric measures correlate with errors and interventionéfatedit stages
of the algorithm. Paper-folding test (PFT) scores predict ability to translate out
of the graphical formalism, whereas GRE analytical and serialist/holist learning
styles predict ability at manipulation within the graphical formalism.

This is a teaching study in which students have no choice as to whether they
learn the graphical or the sentential algorithm, and because of the algorithm’s
organisation in stages, there is not the same scope for choosing alternative
directions of translation between sentence and diagram as there is in the Hyper-
proof study. However, it does cast some light on the relation between psycho-
metric test abilities and the processes of learning to reason. The PFT is apparent-
ly a test of spatial operations, yet it relates not to the graphical operations stage
of the Euler algorithm, but to the stage of translating from the finished diagram
back into the sentential conclusion. This should alert us to the possibility of
verbal components in the solution processes. The GRE analytical subscale test is
apparently a test of verbal reasoning which sets verbal questions and demands
verbal answers. However, its problems are problems which are strongly aided by
diagram construction. Scores on the GRE relate to graphical manipulations in the
Euler method. The serial/holist learning style is characterised figrdnces in
learningstrategiesyet its distinction relates again to the graphical manipulation
stage of the Euler task. Plainly, this is yet further evidence to add to that
reviewed above that the computations underlying psychometric test performances
are not to be taken at face value.

A further observation in this study is that, watching the tutoring sessions,
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one cannot escape strong intuitions that there can be a separation of ‘operative
skill with an algorithm, from ‘insight’ into why the algorithm is sound. The
graphically inclined students often spontaneously explain, in a non-technical
vocabulary, why the algorithm is as it is and how it maps on to the logical
model-theory for the domain. This might, for example, be couched as an
observation about how the algorithm ensures that ‘all cases are searched'. In
contrast, the graphically disinclined may have perfectly mastered the operation of
the ‘graphical calculator’, but in debriefing, it remains for them merely a
graphical rigmarole. Asked why some aspect of the graphical procedure is as it
is, the stereotypically graphically disinclined reasoner might reply: ‘Search me
guv, that's how you said to do itV

Conceiving of individual diferences as styles, and attributing visual/verbal
differences to strategic adoption and deployment of methods are movements in
similar theoretical directions. It might be objected that moving to studies of
external representation use more or less guarantees that the data will be dominat-
ed by strategic dierences rather than pure capacity to hold representations.
Perhaps the right rhetorical stance is to accept this truth, but to adopt a research
program which asks to what extent we can explain the phenomena of representa-
tion use (both internal and external) in terms of strategifedinces. The
computational studies of the last half century have provided us with a rich
conceptual vocabulary and considerable understanding of the importance of
strategy in reasoning, and how strategies interact with representations. Psycho-
metric approaches have alwaydfeved from their lack of process accounts of
the mental goings on which they measure. Applying computational concepts to
issues of individual dference would appear a promising program.

4. Connecting individual differencesto computational concepts

Roberts (1998) responds to the studies that reveal that individifatetices are
replete with strategic influences by proposing there is a consistent progression of
development of strategies as subjects gain expertise with a task. This progression
starts out with adoption of spatial strategies but develops in the direction of their
progressive optimisation by the intercalation of verbal ‘short cuts’ which increase
the dficiency of reasoning. The ‘cancellation’ of reciprocal spatial operations in
the compass directions task is a paradigm example of this kindhafemcy
gain. Spatial, or visual, subjects are the ones who are more adept at making these
modifications of strategies in the course of practice with a task.

At one level, our logic teaching observations reviewed above, the Hyper-
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proof results, the GRE workscratchings study, and the Euler Circles ones, are all
consistent with Roberts’ line of reasoning. Explanations of these findings in

terms of dfferences in subjects’ strategies, or their learning of strategies, are
more consistent with the data than explanations in terms of some fundamental
ability to represent.

However, at another level, the computational explanation is at least superfi-
cially opposite. Our approach to the issue of when graphical representation is
useful is predicated on the fact that graphical representations are weakly expres-
sive and therefore tractable to reason with as long as the reasoning task can be
solved within the expressiveness of resourciered. So graphical reasoning is
efficient relative to reasoning in general expressive languages whifdr som
providing too many avenues of reasoning for computational tractability. By the
same token, graphical reasoning systems are also specialised. They may well
constrain reasoning in a way that means that some class of answers lies com-
pletely outside their range of expression. A reasoner operating within some
graphical system who was set such a problem would have to switch out of the
system, either into a more general linguistic one, or perhaps to an alternative
graphical system specialised for a range of problems which included the new one.

So there is a definite tension between Roberts’ idea that linguistic methods
arise by the optimisation of graphical ones, and our idea that graphical systems
are dficient because they are special purpose. What is the resolution of this
conflict? There is plenty of scope for resolution within a computational concept-
ualisation, if only because so little is specified, in general terms, about the
psychological tasks which crop up in this literature. Notably, what ‘verbal’
systems of representation are in play in these tasks is rather unclear. Although
languages of the kind whose computational properties are much explored are
highly expressive, there are of course other ‘verbal systems of representation’
which are highly restricted in their expressiveness. Particularly relevant to one of
our graphical examples above, categorial syllogistic logic is an extremely
restricted language which is exactly equivalent in expressive power to Euler’s
graphical system. The greatflitulty that arises in understanding language use
in reasoning is exactly the question of what language is ‘in play’ at any given
point. The syllogism is a very tiny fragment of a natural language such as
English. When someone ‘does syllogisms’ verbally, are we to think of them as
‘doing them in English’ or ‘doing them in the syllogistic fragment of English’?

These are deep questions, but ones which are important for further develop-
ment of our understanding of human representational behaviour. This is an area
where understandings from Al and computer science may provide some help
with questions about how to conceptualise mental processes. Whereas an
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interpreted language is a representation systeasoningover the language
requires both a ‘proof theory’ (roughly an apparatus defining vimithediate
inferential relations between sentenfeand a theorem prover. The latter is some
extra-logical mechanism which is not a part of the representation system, but
which steers reasoning along extended inferential paths to target conclusions.

In the introductory examples from Al text books, theorem provers are rather
simple devices, typically working over sentential representations which are
exactly designed to make the theorem provers rather simple. But it has been
known since the earliest work of Newell and Simon (1972) that the domain-
general strategies of reasoning which result are too weak for modelling most
human reasoning. When deeper reasoning is modelled, the theorem prover itself
becomes a complex device which has its own representations which it uses to
reason about which inferential paths to follow in the object language. These
representations themselves may be graphical, but they are representations of a
proof-space — not representations of domain objects.

Theorem provers are specialised for proving target theorems of a certain
class. Their specialisation may actually determine that they cannot ‘reach’ all
parts of the language over which they operate. A trivial example would be a
sentential theorem prover working over the syllogistic fragment of English (e.g.
the one in Stenning & Yule 1997). This theorem prover could be implemented
in a way in which it only ever reached the sentences of the syllogism. It is then
a moot point whether the theorem prover works over English, or over the
syllogistic fragment of English. In the simpler computer simulated cases, there
would be little reason to even consider the first option — the machine need have
no representation of any of the language outside the syllogism. On the other
hand, in more interesting simulations, or in the human case, the ‘reasoner’ does
have a representation of the general language which can be brought into play as
the reasoner shifts tasks (and presumably theorem provers) to reason in other
domains, and over other fragments.

In the picture of inference that emerges, the general language defines a
larger landscape, but episodes of reasoning about a restricted class of problems
are controlled by theorem provers which restrict the available space to small sub-
regions of this general landscape. Much of the burden of understanding human
reasoning behaviour comes down to explaining how people get from one sub-
region of the space to another by changing the mechanisms which control their
inference patterns. General languages like English define a larger landscape, and
in so doing they define certain invariant meanings of terms which crop up in
many sub-spaces. The reasoner knows \alaandsomemean across the whole
language, and the theorem provers which they employ within language fragments
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must respect these general meanings, but in order toffisent, they must
exploit limitations of the particular fragments at hand in the ways they exert their
extra-logical control of reasoning processes.

This is the kind of picture of inference we get from Al and computer
science. From this perspective, graphical reasoning systems can be seen as
bundling together language and theorem provers in ways that makes their
separation a great deal less clean than it is in the linguistic case. This is the
reason why graphical systems are by their nature specialised and local and do not
include anything corresponding to the general languages so prominent in the
sentential systems. The jumps from graphical system to graphical system are
much more idiosyncratic (think of the change from Hyperproof’s blocks-world
diagrams to Euler’s Circles). Indeed, to invent an account of the space in which
these transitions take place we would be forced back onto thinking in terms of
some general logical language.

So coming from a logical/computational direction it is natural to think of
graphical systems as the specialisation of reasoning within localities of a space
defined by some general language. Roberts, in contrast, is thinking of subjects
who start their reasoning from some specification of a task which is often
naturally represented graphically (e.g. the compass directions tasks mentioned
above). Within such restricted systems, it is nevertheless often possible to impose
further restrictions which then allow yet simpler representations for reasoning.
So, for example, the cancellation strategy only works in a fragment of the
graphical system of compass directions if the task is restricted to unit distances
or the task is limited to computing the outcome direction of travel.

A rather richer and more interesting set of relationships between graphical
and sentential methods occur with syllogisms. Here it is possible to illustrate how
one can start with a graphical system of reasoning and transform it into the
equivalent of a sentential system by introducing optimisations which start out as
strategies for selectingraphical representations. In the ‘primitive’ interpretation
of Euler’s Circles, which is uniformly the one people initially adopt, one circle
diagram depicts one model of the syllogism. This leads to a combinatorial
explosion of diagrams if one solves syllogisms by drawing diagrams of all
possible models of a pair of premisses, and then searching to see whether some
statement holds of all such models (and is therefore a valid conclusion). This is
the crux of Johnson-Laird’s argument for rejecting Euler as the basis for
syllogistic reasoning, which prompted the invention of mental models notation.

This approach is hopelessly fiieient, but equally easy to improve on by
improving the strategy of diagram selection. Instead of exploring all possible
diagrams, the constraints of the domain allow the reasoner to adopt the ‘weakest
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’

case’ diagram for each premiss, and to combine them into the ‘weakest case
graphical unification. Adopting this strategy requires corresponding limitations to
be placed on drawing inferences from the final diagram, but with a suitable
strategy for conclusion drawing, the method becomes extrentélieat —
every problem can be solved by constructing a single diagram according to
general principles. Finally, the strategies of representational choice can be
reflected explicitly in the graphics by a simple notation given a systematic
semantics (for a fuller explanation see Stenning & Oberlander 1995). Graphical
representation system plus reasoning strategy leads to a far rioieng
modified graphical system by the incorporation of a theorem prover into a
primitive graphical system. This amounts to an example of Roberts’ honing of a
representational system to gain reasonifigiency, but takes place by graphical
modifications rather than linguistic ones. The incorporation of strategy into
representation must be a common method of increadiiigjescy. It is in fact

not uncommon for subjects to invent something like this ‘cross notation’ to
augment Euler. We have seen our subjects do it, and Ford (1995) reports data
which include similar cases.

But the story about relations between graphical and linguistic systems
doesn’t end there. It turns out that the augmented Euler system is functionally
equivalent to a simple propositional sentential system (see Stenning & Yule
1997). What all these methods abstractly share is that they construct specifica-
tions of critical individuals which are minimal models of the premisses and
which specify the drawing of valid conclusions. The graphical method specifies
them in terms of sub-regions in the plane defined by closed curves representing
properties: the sentential method constructs conjunctions of propositions repre-
senting the same properties. The sentential method lends itself to an optimisation
which saves working memory by only representing the single critical individual,
though in doing this it incurs some extra overhead of a more complex theorem
prover. The graphical method more naturally represents all possible types of
individual, though focusing on a single one by the cross notation. Again it is the
focusing of a parallel strategy of reasoning onto a single serially constructed case
which transforms a graphical method into something in step-by-step correspon-
dence with a linguistic method. This more obviously accords with Roberts’
notion of honing graphical methods towards linguistic ones.

These examples give us a clue that strategy and representation may not be
quite as cleanly separable as our original discussion suggested. True, within a
reasoning system at a particular point in its development, what is strategy and
what is representation may be crisply distinguishable. But when we think of
systems of reasoning evolving during learning and optimisation of a new task,
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we see that what is strategy at one point may become representation at another.
And we must think of these evolutions if we are to understand human reasoning.
Human reasoning is as much about developing new systems of reasoning as
about operating them.

This returns us to our observation of the independence of graphical ‘opera-
tive skill and understanding of the rationale behind it. The same gulf may well
exist for linguistic operation and understanding, but we have just seen some
reasons why such a gulf may be somewhat less crisply evident. The very nature
of linguistic rule systems is that their subsystems are less neatly demarcated and
therefore less susceptible to meta-logical demonstration. Be that as it may, the
graphical case dfices to illustrate an important point.

Even when systems of reasoning by graphical and sentential methods can be
shown to be internally identical, the properties of their representations may give
very different opportunities for meta-reasoning about their properties. The Euler
system is obvioushself-consistento any reasoner who understands intuitively
the basic plane geometry of closed convex curves. Proving the self-consistency
of the equivalent sentential system requires some sophistication. It is also less
likely to occur to a naive reasoner as a property of the system, if only because
the neighbouring fragments of the language do not have this property. If, as we
have argued throughout, we must understand much of human reasoning as
reasoning about systems as much as reasoning within them, then the accessibility
of their properties from the externals of the systems becomes critically important.
This points to the need for further understanding about how users of linguistic
systems structure their understandings of the various fragments which make up
the whole patchwork. Because the borders between one fragment and the next
are less clear, it is also less clear what knowledge is required to derive a theorem
prover to exploit constraints to solve a new task in a new domain.

Characterising cognitive styles computationally requires a better understand-
ing of how reasoners learn to get around in the spaces we have been discussing.
Getting around consists of preferring some strategies and representations for
reasoning to others. Perhaps even more, it consistsfiaret approaches to
learning how to develop #icient ways of reasoning in new domains under new
sets of constraints. The trajectories from naivety to expertise within the space of
possibilities for a new domain and task may be more coherent than the particular
patterns of reasoning at any point along the trajectory. Styles are preferences for
systems of reasoning either more or less applicable across a wide ranges of tasks.
Styles will, of their nature, be more successful in some domains and for some
tasks than others.

It is customary to think of individual dlierences in terms of individuals
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performing solitary information processing tasks, but styles of information
processing play a central role in how people configure and distribute themselves
in social groups, and how groups solve problems. Where does the theory of the
computational properties of alternative methods of information processing contact
the social dimensions that constitute human social groupings?

Some sociologists, philosophers and anthropologists have alréfehed
answers to this question. Bloor (1981), following the anthropologist Douglas
(1978) and the philosopher Lakatos (1976), proposes that societies can be
taxonomised on the basis of their responses to demands to categorise newly
encountered aberrant cases. Here is a claim about the origin of conceptual
schemes which might begin to be connectable to computational concept-
ualisations of style. It is intriguing that sociologists should appeal to the process-
es of classifying people as ‘belonging’ or ‘strange’ which define communities, in
the same terms as can be applied to categorisation of any other objects in
whatever conceptual domain. Bloor (1981) reports one historical study of an
episode in the history of mathematics which hinged on a shift in representational
style from geometric to algebraic methods. He documents the social attitudes to
the sources of authority in professional, political and religious practice which
accompanied the intellectual battles centred on the two representational styles.
Authority for patterns of reasoning can be seen as group internal, or group
external. A theory which could link the computational properties of representa-
tions, the individual dferences between people, and the ways in which they
interact in communities — now that really would be a theory worth having?
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PART IV

Memory, Consciousness and Space






Given-New Ver sus New-Given?
An analysis of reading times for spatial descriptions

Thom Baguley Stephen J. Payne
Loughborough University CargliUniversity
Background

How do people understand simple spatial descriptions sudthasupermarket
is behind the barfk One view is that comprehension of these descriptions relies
on preserving the propositional form of the language used in the description (e.g.
behind[supermarket,bank]). An alternative view is that comprehension requires
going beyond the propositional form and constructing some representation of the
described situation which is independent of the describing language. Both views
have a long history in philosophy and in psychology (Johnson-Laird 1983;
Kintsch & Van Dijk 1978; Pylyshyn 1984). This paper will focus on the latter
view and explore some of the consequences of going beyond propositions and
constructing a spatiahental modela representation of the spatial structure of
the described situation (Bower & Morrow 1990; Bransford, Barclay & Franks
1972; Johnson-Laird 1980; Tversky 1991).

Going beyond the propositional form of a description requires constructing
a new representation which embodies the aspects of the situation that a reader or
listener is interested in (e.g. the spatial structure of the situation). Constructing
a mental model therefore involves additional processing time &iodt éGlen-
berg, Meyer & Lindberg 1987; Johnson-Laird 1983; Tardieu, Ehrlich &
Gyselinck 1992; Zwaan & van Oostendorp 1993). The additional cognitive
demands of constructing a mental model do, however, have potentialffsay-o
when people later use the model to make inferences or to act in the world
(Thorndyke & Hayes-Roth 1982; Tversky 1991; Wilson, Rinck, McNamara,
Bower & Morrow 1993). Costs and benefits associated with mental model
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construction also form one of the most important sources of empirical evidence
in their favour.

One substantial cost associated with constructing a mental model is that of
premise integration(Evans, Newstead & Byrne 1993). The idea behind this is
quite simple: a representation of the described situation has to integrate informa-
tion across two or more propositions in order to build an appropriate model. The
origin of this idea appears to date back at least as far as William James (1890),
but was articulated as a process theory by Hunter (1957). Hunter suggested that
people manipulate the premises of three-term series problems in order to place
them in a suitable form with which to reach a conclusiode proposed that
problems of the form

Anna is happier than Barbara
Chris is sadder than Barbara

requireconversionIn this case readers convert the sentebds is sadder than
Barbarainto Barbara is happier than ChrisThis means that the conclusidmna

is happier than Chriscan be reached without considering the middle term
Barbara (James termed this method the “axiom of skipped intermediaries”).
Similarly, problems of the form

Barbara is sadder than Anna
Chris is sadder than Barbara

require re-ordering. If we considé&hris is sadder than BarbarbeforeBarbara

is sadder than Annahe axiom of skipped intermediaries givesQisris is sadder

than Annaas the conclusion. There is only one problem with the simple and
elegant theory that Hunter proposed; it makes the wrong pattern of predictions of
accuracy and reading time for three-term series problems. To take just one
example, Huttenlocher (1968), Clark (1969) and Sternberg (1980) all found that
problems like

A is better than B
B is better than C

took longer to answer than problems such as

A is better than B
C is worse than B

This goes against Hunter’s theory because the latter, but not the former, suppos-
edly require conversion (for a comprehensive review of the evidence see Evans
et al. 1993). Nevertheless, the evidence that premise integration occurs is
considered rather strong. For example, Mayberry, Bain and Halford (1986)
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showed that pairs of sentences which permit integration (those with a shared
term) take longer to read than control sentences (sentences with no shared term).

The resolution of this apparent discrepancy is that Hunter was right to
propose that people go beyond a simple propositional representation of the
premises, but wrong in the nature of the principle which guides their thinking.
The operations required to reach a conclusion appear to be those required to
support the construction of a mental model. This becomes clearer if we consider
a computer simulation of spatial mental model construction first described by
Johnson-Laird (1983) and later re-implemented by Payne (1993). Payne (1993)
proposed that memory for a spatial description incorporatepaodic construc-
tion trace The episodic construction traceonsists of a set of propositions each
of which records an operation in the process of constructing a mental model. In
the present paper the episodic construction trace is used to illustrate the opera-
tions used to construct a spatial mental model. Thus the episodic construction
trace will be used to clarify the predictions made by the mental models theory
(Johnson-Laird 1983) about the cost of constructing a spatial mental model.
Consider the following description

(1) The A is to the left of the B
(2 The B is the left of the C
3) The D is below the A

On reading sentence (1) the first step in constructing a spatial mental model is to
set two tokensA andB) in the appropriate relationship

A B
resulting in the following episodic construction trace proposition being recorded
[start [ ABleft]]

The termstart here denotes the fact that two tokens are added to the model. A
key principle of the construction process is that new tokens are added to a model
relative to old tokens. In sentence (2) a new tokemas to be added to the
model. In the resulting operatiod is placed to the right oB

A B C
This operation is recorded in the episodic construction trace proposition
[ C B right ]*

The asterisk here denotes that the sentence has tootveerted A crucial
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observation is that, according to Hunter (1957), sentence (2) does not require
conversion; the theories makeffdrent predictions about when conversion
occurs. Sentence (3) illustrates that the model view generalizes to two-dimension-
al situations not found in traditional three-term series problems

A B C
D

The final proposition in the trace shows that conversion is not required when a
sentence describes new tokens in relation to old tokens

[ D A below]

The construction processes described here carry with them the implication that
introducing old, given information before new information in a sentence imposes
a greater cost during premise integration. This prediction appears to contravene
the “given-new contract” proposed by psycholinguists (Haviland & Clark 1974).
The mental model account also suggests two other situations where construction
costs are increased. The first, and least interesting, is that the initial sentence of
the description should carry an increased processing burden because two tokens
are being added to the model (indicated by the tstart). This prediction is
analogous to that of Gernsbacher and colleagues who argue that laying a
foundation for a mental structure increases reading times (Gernsbacher 1990;
Gernsbacher & Hargreaves 1988). The second additional prediction is that when
a description becomes indeterminate, processing should become riaraltdi

For example, consider a fourth sentence

4) B is to the left of E

In this case the position @ is indeterminate with respect © and is indicated
in the episodic construction trace like so

[EBright[clah[EC]] ]

What happens after elash proposition is recorded depends on how a reader
responds. If, as suggested by Mani and Johnson-Laird (1982), readers abandon
model construction post-clash processing load may decrease. Some readers may
however attempt to resolve the indeterminacy by constructing one, or possibly
both, of the possible models entailed by the description (Brédart 1987; Johnson-
Laird 1983).

Evidence in the literature on spatial descriptions for increased processing
cost associated with old-relative-to-new sentences is mixed. It may be worth
noting that in Hunter’'s own experiment 11-year olds found problems requiring
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conversion (by his account) easier than those of the form given by sentence (1)
and (2) above (predicted to require conversion by the mental model account).
Ehrlich and Johnson-Laird (1982) concluded that there was little evidence to
suggest a dierence in reading times (or accuracy) in favour of either the new-
old or old-new sentence forms in the three experiments they reported. There are
several reasons why such affdrence might be hard to find; low statistical
power, materials fects, and dferences in tasks. Reading times are a more
sensitive measure offtliculty than is accuracy, but are potentially influenced by
many diferent factors which need to be controlled for (e.g. word length,
orthography, frequency or concreteness). Tasks such as three-term series
problems are not the most powerful test of the model view outlined above and
two-dimensional spatial problems are considered more decisive (Byrne &
Johnson-Laird 1989). For example, the operations described by Hunter (1957) are
a viable strategy for three-term-series problems (particularly when both premises
are presented simultaneously), and may be used by some participants some of the
time. Three-term series problems with spatial or non-spatial adjectives are
probably also heavily influenced by markedness as suggested by Clark (1969).
The unmarked, positive form of adjectives like “taller” or “better” seem to be
encoded in a simpler, more accessible form than their marked counterparts
“shorter” or “worse” (Clark 1969, 1973). However, the role of markedness in
encoding spatial prepositions (such as those used in the experiments reported
here) is less clear; it is not obvious that “right” and “left” can be categorized as
marked and unmarked prepositional pairs. For instance, the marked form “worse”
implies both relative and absolute badness, whereas neither “to the left of” nor
“below” necessarily imply absolute location in physical space (though this does
not extend to metaphorical usage such as in politics).

This paper analyses a large data set of reading times for spatial descriptions.
The chief focus is on predictions which follow from the computational model
described by Johnson-Laird (1983). The main prediction is that when mental
model construction entails the conversion of a sentence in order to enter a new
token in an existing model, reading times will increase. A secondary prediction
is that when a description is rendered indeterminate (i.e. whelash occurs)
reading times will increase. Last, the account also predicts that reading times for
the initial sentence will be greater than for subsequent sentences (because two
tokens have to be added to the model).
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Data set

The reading time data were pooled across 118 participants from thifeeedt
experiments. The participants were recruited at Ghkdtiversity and were paid

or given course credit for taking part. All three experiments were carried out in
two phases. In the first phase participants were presented with a series of spatial
descriptions to read. Each description consisted of four sentences and was
presented by computer, one line at a time. Immediately after each description
participants had to try and remember the description by using the mouse to place
items in an empty grid on the computer screen. Each participant redte8edi
descriptions (4 determinate and 4 indeterminate). Of the 4 indeterminate descrip-
tions half became indeterminate in the third sentence (indeterminate-at-S3) while
the remaining descriptions became indeterminate in the last sentence (indetermi-
nate-at-S4). For the determinate descriptions exactly half the relevant sentences
from the determinate descriptions contained sentences of the new-old form (and
therefore not predicted to require conversion). For the indeterminate descriptions
5 out 12 of the relevant sentences had sentences of the new-old form. Each
participant read the eight descriptions in a random order (hew random orders
were generated in turn for each participant prior to the experiment). In phase 2,
participants in the experiments carried out a surprise recognition test (not
necessarily the same test in each experiment). The analyses presented here focus
solely on the initial reading times of participants in phase 1.

Table 1

Determinate description: Corresponding EC Trace:
D1. The blouse is in front of the Kkilt [start [blouse kilt front]]

D2. The vest is in front of the blouse [vest blouse front]

D3. The shawl is to the left of the blouse [shaw! blouse right]

D4. The overcoat is behind the shawl [overcoat shawl behind]
Indeterminate description: Corresponding EC Trace:
11. The coke is in front of the lemonade [start [coke lemonade front]]

12. The lemonade is to the right of the vodka [vodka lemonade left]*
13. The lemonade is to the right of the scotch [scotch lemonade left [clash [scotch vodka]]]*
14. The vodka is behind the brandy [brandy vodka front]*

Note: Sentences D2, D3 and D4 are examples of the new-old sentence form. 12, 13 and 14 are
examples of the old-new sentence form.

The three experiments were identical in phase 1 except for mifi@reinc-
es in the wording of the descriptions (the basic form of the descriptions remained
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unchanged). The same basic structure was used for the eight descriptions in each
experiment. The eight descriptions used objects from eidif¢rdnt categories
(animals, birds, clothing, drinks, fruit, instruments, gems and vegetables). In each
experiment participants were randomly assigned to one of sevéfaletit sets

of materials (diferent sets were used for each experiment). For each set every
description was randomly allocated to a category and the objects within that
description randomly selected from the five members of the allocated category.
Category members were approximately matched for Kucera-Francis frequency,
imagery and concreteness (Kucera & Francis 1967; Quinlan 1992). Table 1 gives
sample materials typical of those used in phase 1 of all three experiments.

Analyses

Mean reading times per syllable were calculated for those descriptions which
were correctly recalled during phase 1. (Reading times for incorrectly recalled
descriptions were not included in the analysis, but followed a similar overall
pattern, as did the reading times uncorrected for sentence length in syllables).
Two analyses were conducted. In the first analysisxad ¥epeated measures
ANOVA was performed on reading times per syllable with determinacy (deter-
minate, indeterminate-at-S3, or indeterminate-at-S4) and sentence order (S1, S2,
S3 or S4) as the factors.

Figure 1 shows a graph of the means for each combination of determinacy
and sentence order for the 70 participants who contributed to the analysis
(participants with missing cells could not be included in the factorial design).
The interaction between determinacy and sentence order was significant,
F (6,420~ 8.09, MSE=0.286,p < .0002.

Three planned comparisons were made (these analyses were carried using
pairedt tests on the whole data set, not just those included in the factorial
ANOVA). The first comparison tested the prediction that the initial sentences
would take longer to read than later sentences; this was tested by comparing the
mean reading times for the first and second sentences (this excludes consider-
ation of determinacy from the analysis, as all descriptions are determinate prior
to sentence 3). As predicted, reading times for sentence 1 were longer than for
sentence 2t,,,=2.51, SE=0.051, two-sidedp=.014. The remaining two
planned comparisons compared reading times for sentence 3 of the indetermi-
nate-at-S3 descriptions and sentence 4 for the indeterminate-at-S4 descriptions
with a control sentence (the corresponding sentence 3 or 4 of the determinate
descriptions). It took participants longer to read sentences which introduced an
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Figure 1. Reading times per syllable by determinacy and sentence order

indeterminacy (i.e. sentences withctash for both the indeterminate-at-S3,
tg3=5.07, SE=0.056, two-sidedp<.000003, and the indeterminate-at-S4
conditions,t gz =3.27,SE=0.066, two-side¢p<.0016.

The second analysis focused on the predictions regarding conversion in
relation to new-old and old-new sentences. A 2x2 repeated measures ANOVA
was carried out on reading times per syllable with sentence form (new-old or
old-new) and determinacy (determinate or indeterminate) as factors. Figure 2
shows the mean reading times per syllable by sentence form and determinacy for
the 95 participants who contributed to the analysis. There were significant main
effects of both determinacy;, 44)=5.59, MSE=0.315,p=.020, and sentence
form, F1,04=5.23 MSE=0.499, p=.025. The main fect of sentence form
matches the predicted advantage of new-old sentences over old-new sentences,
while the main ffect of determinacy confirms the earlier finding that reading
times increase when an indeterminacy is detected. The interaction between
determinacy and sentence form did not reach significarf€gg,=2.49
MSE=0.322, p=.12, though there was a trend towards a reduciecte of
sentence form for the determinate descriptions (which would be expected if some
participants abandoned model construction on encountering an indeterminacy).

@ @Please supply new electronic file for figure 2
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Discussion

Reading times follow the pattern predicted by the operations required to construct
a spatial mental model. The initial sentence takes longer to process than compa-
rable later sentences. Sentences which introduce an indeterminacy result in a
sudden increase in reading times. Last, but not least, sentences of the form new-
old are easier to process than sentences of the form old-new. This is consistent
with the view that old-new sentences, but not new-old sentences, need to be
converted in order to integrate the new token into a spatial mental model.

Conclusions

These findings provide strong support for the three predictions derived from
theory of mental models (Johnson-Laird 1983). In this paper we have used the
episodic construction trace to clarify the predictions about increased processing
cost during premise integration. These predictions follow from the idea that
people construct and manipulate mental models during reasoning and language
comprehension. All three predictions were confirmed in an analysis of reading
times, and therefore support the view that spatial mental models are constructed
when people read and understand spatial descriptions.

The findings reported here go against a simple interpretation of the given-
new strategy proposed in psycholinguistics. In at least one domain it appears that
people find the order new-given easier to read and understand. While this may
seem counterintuitive (particularly in the light of alternative accounts such as that
proposed by Hunter), it makes more sense if you consider the way common
spatial language terms are used. In general, people introduce new spatial
locations relative to known landmarks. Thus people seem to use spatial language
in a way which eliminates an unnecessary conversion cost on readers and
listeners. Natural conversation is much less constrained than the sentence
structures we have used in our experiment, and speakers are readily able to
separate the given-new status of information from the demands it makes on
model construction. For instance, a speaker might introduce a new token as a
potential topic prior to providing the information necessary to add the token to
a spatial mental model (“That new shop | told you about is behind the library”
rather than “The library is in front of that new shop | told you about”). From a
given-new perspective the given information is that there is a new shop (which
had previously been mentioned). The new information is that the shop is behind
the library. From a mental models perspective the new token in the model is the
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shop and the old token is the library. This kind of separation between the given-
new contract and the demands of mental model construction requires writers and
speakers to draw on a rich well of general and individual knowledge about their
intended audience (e.g. what they might be interested in, what landmarks they
are familiar with and so on). One promising line of research in this area is to
consider language as “processing instructions” for constructing an appropriate
mental model (e.g. Gernsbacher 1990).
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Notes

1. In a strict sense the theory proposed by Hunter might still be viewed as propositional because
it involves operations applied to the premises rather than to a mental model. In practice his
operational account can be considered a half-way house between propositional theories and later
image or model accounts.
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A Connectionist M odel of the Processes Involved in
Generating and Exploring Visual Mental | mages

Mathias Bollaert
LIMSI-CNRS, Université de Paris-Sud

This work was undertaken to construct a connectionist model of the mental
processes involved when people generate and explore mental images (Bollaert et
al. 1996). We assumed that most of the cognitive resources used in imagery
overlap with those used in visual perception, as indicated by several psychologi-
cal and neuropsychological studies (Farah 1985; Kosslyn et al. 1993; Roland &
Gulyas 1994). Our model therefore attempts to reflect the functional and the
modular structure of the known cortical centers of vision, the ventral and the
dorsal systems. There are constraints to the generation and exploration of a
mental image, as shown by the work of Kosslyn on the mental drawing of letters
(Kosslyn et al. 1988), that of McNamara et al. (1984) on the mental exploration
of road maps and the experiments by Wagener and Wagener-Wender (1985
1990) on the spatial inferences derived from visual representations constructed
from verbal descriptions of spatial configurations (Figure 1). In a priming
situation (detailed methodology will be explained later as we used the same
method; see below), they showed that response times were longer for items
whose relative positions were not explicitly stated in the description. They also
found that response times were shorter for inferences concerning short distances
than for inferences involving long distances. This confirms the scanriegte

for spatial relations inferred from verbal descriptions. Some subjects reported that
the path defined by the verbal descriptiofieated the way they explored the
mental image during the first stages of learning. We therefore set out to investi-
gate the influence of the path on the generation and exploration of mental
images. We expected the influence of the path to decay as learning proceeded,
and the internal representation to lose the features which depended on the
structure of the description.
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The paprika is in front of the cucumber.

Left to the the cucumber is the potato.
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’
’

Tomato

In front of the onion is the tomato.

Figure 1. The materials used by Wagener and Wender (1985)

1. Theexperiment

We designed an experiment to investigate theat of the modality of presenta-

tion on the generation and exploration of mental images, that is on the structure
of the internal representation, and to assess how this representation develops
during learning. In thevisual condition subjects learned the configuration which
was visually presented to them. In therbal condition the subjects learned from
sentences describing the relative positions of objects. In this condition, two types
of description were used, the S-like path and the loop-like path (Figure 2). We
expected the verbal condition to reflect theet of the description path, with
longer response times when the path between two objects was longer. Also, the
spatial relations between pairs of objects which were explicitly stated in the
description should result in shorter response times than those which had to be
inferred. We also expected this patfieet to disappear as learning proceeds, so
that the two kinds of internal representations became more and more similar.
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Thus in both conditions the material was presented three times consecutively,

defining three stages of learning, to study the evolution of internal representa-
tions during learning.

Visual Presentation

d >= QN
e A I

Verbal description

At the upper left, there is the brush. At the upper left, there are the scissors.
Below the brush, there is the teapot. Below the scissors, there is the bottle.
To the right of the teapot, there is the candle. To the right of the bottle, there is the pen.
Above the candle, there is the envelope. To the right of the pen, there is the hammer.
To the right of the envelope, there is the knife. Above the hammer, there is the cigar.
Below the knife, there is the clock. To the left of the cigar, there is the bulb.

A B—C A B——C

D—E—F D—E F

Loop path Spath

Figure 2. Materials
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In the visual condition the subjects learned two configurations. During the test,
they heard a first word and then had to mentally reconstruct the configuration in
which the corresponding object was present, as fast as possible, and focus their
attention on this object. Then they pressed a key, which provided a generation
time. A second word was given, and subjects had to decide whether or not the
corresponding object belonged to the same configuration as the first object, by
pressing the «Yes» or « No» key. This provided an exploration time. Subjects
were not explicitly required to scan the mental image. Thus, the term «explora-
tion » refers not only to the scanning of a mental image, but to any sub-process
involving the visuo-spatial internal representations which may provide the
decision. Theverbal conditiondiffered only in the way in which the configura-
tions were presented, that is, sentences describing the relative positions of pairs
of objects. After the three stages of learning in one condition, the subjects went
through the experiment again with the other condition, which involved new sets
of objects (half of the subjects started with each condition). At the end, they
were asked to answer a follow-up questionnaire.

2. Results

Learning had a significantfect on the generation and exploration times, under
both conditions, with the longest response times occurring at the first stage of
learning, and the shortest ones during the last stage (Figure 3). The percentage
of correct responses also increased during the three stages, from 78%, to 87%,
to 90%. Both generation and exploration times were shorter when the informa-
tion was presented visually, but thfext was not significant (Figure 4). For the
generation times, the fiierence was obvious for the first and the second stages,
and almost disappeared in the third stage. This may indicate that the processes
responsible for generating the internal representations from long term memory
became similar for the two conditions. Theffdrences in response times
between conditions were smaller for the exploration times.

2.1 Generation

In the visual condition the site of the object had a significarffext on genera-

tion times, with site B having significantly shorter generation times than site C

(Figure 5). Closer examination revealed that the objects in the center of the
configuration resulted in shorter generation times. The patterns of learning during
the three stages also fifired significantly. For the objects in the corners,
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learning seemed to be completed at the second stage, as response times no longer
decreased. On the contrary, the response times for the objects in the center of the
configuration continued to decrease.

In the verbal condition the description path influenced the generation times
for the S-like path, as showed by longer response times for longer distances on
the path, except for site F (Figure 6). The generation time for site C was also
significantly longer than for site A.

This dfect was less obvious for the loop-like path (Figure 7). However,
there was a significantfiiect of learning between sites A and B, with site B
showing shorter response times during the first and second stages, and longer
response times during the third stage. This is compatible with the fact that this
path was reported to be hard to learn, so that subjects learned the special case of
site B with special attention, which resulted in shorter response times at the
beginning. Indeed, at the third stage, the response times for sites were in about
the same order as the position of the sites on the loop-like path.
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Figure 7. Generation: Verbal condition (loop-like path)
2.2 Exploration

The main results for exploration times were quite surprising, as there was a
significant reversed mental scannineet: the response times were shorter for
distant objects than for close ones. For visually-presented information, the
reverse scanningfiect was significant for the second and third stages of trials,
and for the whole set of data (Figure 8). For verbally-presented information, the
effect was significant for all stages and for the whole set of data. However, in
this experiment, the material was not specifically designed for studying the
already well known scannindfect, and the distant pairs were only between the
sites D and F.

As expected, we found anffect of the description path (Figure 9). The
time taken to answer the AB pair was longer with the loop-like path than with
the S- like path, although the fierence was not significant (about 125 ms).
When we grouped together the AB and EF inferred pairs (in the S-like path)
instead of only the AB pairs, theffect was still present and remained non-
significant (about 50 ms less for the small inferences). Also, the pairs explicitly
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stated in the description resulted in the shortest response times. It has to be
noticed that this global pattern was only true for the second and third stages.
Thus, the path féect did not appear during the first steps of learning, as we
initially assumed. Again, this may indicate that the processes responsible for
exploration became dissimilar when learning was pursued.

2.3 Other results

We have also investigated othdiexts which may explain the obtained results.
Here we present the clearest ones only. We studied how each site influences the
memorization of the item located at its position. Concerning exploration,
response times for the EF pair were significantly shorter than for the DE pair and
response times for the ED pair were also significantly shorter than for the FE
pair. Moreover, response times obtained for the site D or F as a target were
similar, independently of the distance between the two items. So what we called
the reverse scanningfect can be explained in terms of higher accessibility of
sites D and F. We also studied if some directions were privileged during mental
exploration. For both conditions, the response times were shorter when the
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Figure 9. Exploration: Verbal condition

second item was to the right of the first one than when it was to its left.
Moreover, we found that response times were significantly shorter when the
second item was below the first one than when it was above. This may be partly
responsible for better accessibility for sites D and F than for sites A and C.
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3. Discussion

The conditions had anffect on both generation and exploration times. Thus, the
internal representations constructed from verbal descriptions seem at first glance
to differ from those constructed from visual presentation. But the pfiitte
during generation was probably due to the fact that subject re-scanned the image
after generating it, following the path in the verbal condition (cf. Kosslyn 1994).
So the internal representations generated under both conditions might become
similar while the processes applied during exploration become more dissimilar,
resulting in response times thatf@red with the condition of presentation during
exploration as well as for the generation of the visuo-spatial internal representa-
tion. The unexpected positiorifect on generation times may be due to the fact
that subjects focused more on the center of the image when it was presented
visually, and thus better memorized the objects in the center. We referred above
to the high accessibility of sites D and F, independently of the distance from the
source item. This better accessibility during exploration seems to be due to the
conjunction of better accessibility of the objects in the corners and of better
learning of the target’s relative position when it is below the source. This may
indicate that two dferent subsystems are used for the memorization of the
spatial information: one storing the absolute position of the target, responsible for
better accessibility of objects in the corners, and the other one storing the relative
position between objects, being responsible for the pdfhce and better
accessibility when the target is below the source. The same idea of two subsys-
tems for shifting visual attention has been developed by Kosslyn, with one
subsystem for the categorical properties, more involved in the visual tasks related
to language, and one for the coordinate properties (Kosslyn 1994; Kosslyn &
Koenig 1992).

4. The psychological model

The results described here and those of earlier studies were used to build a
psychological model of the processes used by people to explore a mental image
(Figure 10). The model describes the various abstraction levels in the ventral
system, with three modules: th@bject memoryfor higher visual areas (like
STPa), which is independent of the size of objects; Feature memoryfor
intermediate visual areas, like CIT or AIT, which is size dependent; and the
Shape memoryor retinotopically organized areas, which is equivalent to the
visual bdfer in Kosslyn’s model. The internal representations in these three
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modules slowly decay with time. Thttention shifting systeiis used to shift the
visual attention between theft#irent parts of th&Shape memoryand contains

two subsystems: a between-objects association for categorical spatial relations,
and an object-position association for coordinate spatial relations. The results of
both subsystems are summed. There is no competition algorithm between
subsystems as they are cooperative rather than competitive. However, there is a
competition after the summation, in tigtention zongaccounting for response
times proportional to the activation of the selected unit. Once the position of the
target is found in theéAttention zongthe contrast of this region of th8hape
memoryis increased, which permits the features of the item under examination
to be extracted in th&eature memoryAs for the Shape memorythe Attention
zoneincreases the contrast and selects the part ofFémture memoryto be
identified in theObject memoryThe structure of th&eature memorys such that

it can be used as a visual store, without activating3$hape memoryallowing

less visual strategies. Th@patial schemas a module used to extract spatial
information, or, more precisely, the positions of thfatient parts of the scene,
from the scene represented in tBhape memoryThis module uses the spatial
information to generate the exploration paths used when scanning a mental
image, for instance from left to right, line by line. In tiverbal condition the
Spatial schemdearns the description path, and uses it during the generation of
the visuo-spatial internal representations. We also assume that other associations
are learned: Position — Item associations betweenAtttention zoneand the
Object memoryThese associations allow subjects to udéedint strategies for
achieving the tasks, such as a purely spatial strategy.

Concerning the learning processes, we assume that the internal spatial
representations constructed during the learning period in the visual condition are
more activated than those constructed in the verbal condition. But the main
difference between conditions is that the spatial information is extracted and
identified from lower to higher areas during learning in thisual condition
while the categorical spatial information is directly generated from the verbal
system to the visuo-spatial system in therbal condition and only the coordi-
nate spatial relations are identified from tiAd¢tention zong as they are not
explicitly stated in the verbal description. We also assume that the categorical
spatial information extracted from the visual areas inviseal conditionis more
activated when scanning from top to bottom, due to environmental factors. This
leads us to infer that activation of the categorical spatial information should be
greater for this direction of exploration in thsual condition and thus should
result in shorter response times. Indeed, this is the case in the experiment:
response times in theisual conditionare significantly shorter when scanning
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from up to bottom than when scanning from bottom to top; the same tendency
can be found in theverbal condition but it is not significant. Regarding the
coordinate spatial relations, we assume that they are more activated when
computed for objects in the corners, especially in the lower corners, and then
better memorized. Thus, the absolute positions of objects in the corners are more
accessible than the absolute positions of objects in the center. As coordinate
spatial relations are identified in both conditions, the corners should be more
accessible in both condition. This was indeed the case in the experiment. Lastly,
we assume that the internal spatial representation also decays with time. The time
to scan from one item to another following the description path invirbal
conditionis longer when the relative position of the two items has to be inferred
than when it is explicitly stated in the description. Therefore, the spatial internal
representation is less activated for inferred spatial relations, which results in
poorer memorization of the associations and then in longer response times.

5. Theconnectionist model

The units of theShape memorgire spatially organized (Figure 11). Reactivation

in the Shape memoris performed with recurrent connections from t8hape
selectionto the Shape memoryThe Attention zonds also spatially organized.
The Feature memoryas two subsystems, a local subsystem which first identifies
the features in each region of ti&hape memoryand a global subsystem, in
which is copied the activation of the locBkature memoryor the region where

the attention focuses. As for théhape memorythe signal is reactivated via
recurrent connections linking the global to the lodaature memory The
features are used to identify the item in tBbject memoryThe Object memory

has a second layer, a temporalffien, identical to the first one, and the content

of the first layer is moved into the second layer at each step of propagation, to
simulate the progressive deactivation of the internal representation. During the
generation the Spatial schemactivates sequentially the units of tidtention

zone following the description path in theerbal condition and predefined paths

in the visual condition The object associated with the current position is found
by the Item — Position associations. The features of this object are generated in
the global Feature memoryand then in thdocal Feature memoryDuring the
exploration the spatial information associated with the items represented in the
Object memorys activated in the coordinate and the categorical attention shifting
subsystems. The categorical subsystem involves another module, which computes
the position of the target, given the position of the prime and the relative motion
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to be made to join the position of the target. The implementation of this module
uses a temporal Bier of the Attention window too. The responses of both
subsystems are filtered and then added toAtention zoneWe assume that the
visual system has little influence on this task, as it is more spatial than visual.
Thus, the activation level in thattention zonés assumed to be mostly responsi-
ble for the response times and is used as the result of the simulations.
Learning occurs as follows: The dashed links are learned with a Hebbian
algorithm. The object identification and feature generation processes are learned,
in order to implement an exemplar memory system and to simulate the presenta-
tion of the items during the experiment. The learning patterns are constructed as
indicated in the psychological model: in thvisual condition we assume that
subjects scan their mental image using 8patial schemgain the verbal condi-
tion, the visuo-spatial internal representations are generated from higher to lower
modules. Learning proceeds in three stages, as in the experiment. All the other
links represent the prior knowledge of the subjects. They are learned with a
backpropagation learning algorithm, except for the competition inAtttention
zoneand the simpler sub-processes like deactivation, reactivation or copy from
one module to another, for which the weights were calculated. All the modules
were fully implemented except the Spatial schema. The specifications of this
module were used to produce the patterns for the dependent processes. These
patterns were some predefined exploration paths (in the visual condition) and the
description paths memorized during the learning period (in the verbal condition).
We do not assume that visual imagery involves retinotopical visual areas, which
is still the subject of debate. The execution of the task relies more on spatial
ability than on visual capacity (via th&ttention zong The model accounts for
less visual strategies with the Position — Item associations and-é¢iature
memory Thus, it is possible to manipulate rather rich visuo-spatial internal
representations to perform the task, without activating the retinotopical visual areas.

6. Resultsof thesimulations

The simulations shown here are for a fully spatial strategy used during explora-
tion. This strategy was chosen because 52% of the subjects in the visual condi-
tion and 68% in the verbal condition declared in the follow-up questionnaire that
they did not really «see » the objects in the visual condition, but rather used a
spatial internal representation. In this spatial strategy, activation of the position of the
target in theAttention zoneallowed the system to answer the question correctly,
using the Position — Item associations (only the positive answers were simulated).
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Other simulations were also used to reproduce the generation etitare
memory They reproduced some of the results found in the experiments, notably
better identification of the features of an object in the visual condition than in the
verbal condition, which results in shorter response times in the visual condition.
The linear trend in th@erbal conditionwas also reproduced, due to the sequen-
tial generation of the items. The model alsffeetively generates, stores,
identifies and reactivates visual internal representations if-#&ature memory
but a strong visual similarity fiect makes the resultsfiicult to compare with
those from the experiment. The strength of this similariffee seems to be
partly due to the few features used during the simulation (12) and to the low
resolution of the visual representation of the items, drawn ow & @grid. But the
fact that our network shows a similarityfect is a clue to its validity, as this
effect is also found in human data (see e.g., Logie 1995).

All the following data are levels of activation in thtention zoneAccord-
ing to the competition in this module, the response time is shorter when activa-
tion is greater. The competition is not performed here, as it mostly depends on
arbitrary parameters, and only excites the single activated unit. Thus, the
competition provide no new information on the simulation. The mean levels of
activation during exploration were 0.570 for the first stage of learning, 0.729 for
the second and 0.854 for the third, corresponding to decreasing response times
during learning. The dierence was bigger between the first and second stages
than between the second and third, as in the experimental results. The activation
was greater for the visual condition (0.589, 0.766, 0.890) than for the verbal
condition (0.560, 0.710, 0.837), resulting in shorter response times for the visual
condition. The levels of activation were as expected from the results of the
experiment: in thevisual condition the mean activation of the unit selected in the
Attention windowwas lower for close objects (0.736) than for distant objects
(0.821); in theverbal condition the mean activation for the large segments
(LSEGM) was greater (0.791) than the mean activation for the small segments
(SSEGM), the small inferences (SINFE) and the large inferences (LINFE), which
were 0.699, 0.665 and 0.629 respectively. Invtsial condition sites D (0.803)
and F (0.817) were more accessible than the other sites (all under 0.712). This
holds true for theverbal condition(sites D and F: 0.755 and 0.739; other sites all
under 0.699). Finally, we reproduced th#eet of the direction of scanning,
particularly with better accessibility to the target object when it was below the
source (visual condition: 0.844; verbal condition: 0.722) than when the source
was below the target (visual condition: 0.679; verbal condition: 0.704).
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7. Conclusion

The results of our experiment and data on the structure of the cortical areas of
vision were used to construct a modular network that gives patterns of results
that are compatible with the experimental results. The model is able to generate,
reactivate, store and identify visual internal representations. Although some
numerical results were obtained with the generation, complete simulations were
not done because of a strong similaritffeet. We will extend the number of
features and the resolution of the image to reduce tiisce Concerning the
exploration, the results obtained with the model were very similar to those
obtained in the experiment. We successfully reproduced fifeeteof learning,

the dfect of the condition, and all the mairfects observed in exploration,
under both conditions. Hence this modular network provides a valid model of the
sub-processes involved in learning, generating and exploring visual mental
images.
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Working Memory and Mental Synthesis
A dual-task approach

David G. Pearson and Robert H. Logie
University of Aberdeen

Introduction

This chapter reviews a series of studies which have examined the role that verbal
and visuo-spatial working memory may play during the performance of mental
synthesis, in which visual imagery is used to manipulate and combine separate
components into new configurations. Mental synthesis has been shown to be
involved during a wide variety of flierent creative tasks, including the visual-
isation and development of scientific models (Miller 1984), architectural design
(Reed 1993), and many aspects of everyday problem-solving (Kaufmann 1988;
Finke 1990). Also, anecdotal reports from highly creative individuals such as
Einstein (1949), Watson (1968), Mozart or Poincare (reported in Vernon 1970)
suggest that mental imagery can aid not only the conceptualisation of a problem,
but also the discovery of creative and original solutions. For example, mental
synthesis has been proposed as a useful reasoning technique in theoretical
physics (Finke 1990). Einstein advocated ‘combinatory play’ as a key feature of
his own scientific thinking, during which he mentally reproduced and combined
images so as to discover new insights and relationships between the constituent
parts (Gardner 1993). Mental synthesis has also been claimed to play a funda-
mental role during the concept phase of creative design (Purcell & Gero 1998;
Verstijnen et al. 1998). Suwa and Tversky (1996) collected protocols of design
sessions from student and expert architectural designers and found that both
groups used sketches based on the results of mental synthesis while designing,
although the expert designers were better at considering perceptual and functional
features and relations within potential designs. On a more general level, the
mental recombining of images has been implicated during everyday reasoning
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problems, such as deciding how to re-arrange furniture in a room (Kosslyn 1994;
Finke, Ward & Smith 1992).

Although previous research has demonstrated that imagery can support both
the production and invention of novel forms through the mental combination of
separate parts (i.e., Cooper 1990; Finke & Slayton 1988), the exact nature of the
cognitive processes that underlie such synthesis remains unclear. Other research
has indicated that there are some circumstances in which imagery may be
insuficient to support mental synthesis, and may even constrain creative
discovery. Reed and Johnsen (1975) demonstrated that participants were extreme-
ly poor at discovering hidden figures within imagined patterns compared with
when the patterns were visually present, suggestindfigwty in reanalysing an
image in order to discover new information. Further evidence for this was
presented by Chambers and Reisberg (1985), who found that participants had
great dfficulty in reinterpreting images of ambiguous figures (e.g., duck/rabbit
figure; Necker cube), even though perceptual reversals of actual drawings were
comparatively easy. Findings such as these suggest that the imagery system has
a limited capacity to hold information and successfully transform this information
in a meaningful way, and that such resource limitations can place constraints on
what can be accomplished with synthesis based on imagery alone.

A theoretical model which can be usefully applied to the study of resource
limitations is that of working memory (Baddeley & Hitch 1974; Baddeley 1986),
which details a model of short-term working memory comprising multiple
components. The first component comprises an executive controlling mechanism
that has been implicated in reasoning, problem-solving, and in the coordination
of specialist slave systems. One of these specialist components, the phonological
loop, is thought to be involved in the storage of verbal material via a rehearsal
mechanism linked to the speech system. A second component, the visuo-spatial
sketchpad, deals with the rehearsal of visuo-spatial material, and has also been
implicated in the generation and manipulation of visuo-spatial images (see Logie
1995, for a review). As there are limited visuo-spatial resources available during
any cognitive task, this will place a limit on the complexity of the visuo-spatial
transformations that can be carried out (Kosslyn et al. 1988; Roskos-Ewoldsen 1993).

Spatial manipulation and mental synthesis

The issues raised above will be addressed within the theoretical framework of a
revised model of the visuo-spatial component of working memory (Logie 1995;
Pearson, Logie & Green 1996; Logie & Pearson 1997; Pearson, Logie &
Gilhooly, 1999). In this model the temporary storage of visual material is
achieved by a passive memory system, referred to as a ‘visual cache’, and the
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contents of this cache are refreshed by means of a spatially based rehearsal
mechanism, acting as a form of ‘inner scribe’. The contents of the cache are not
‘mental images’, however, as the visual cache is considered a separate compo-
nent from the visual biier in which conscious mental images are represented.
The passive visual cache is closely linked with the visual perceptual system,
while the spatial rehearsal mechanism is linked with the planning and cognitive
control of movement. Although spatial locations can be stored within the cache
in the form of a static visual representation (Smyth & Pendleton 1989), the
storage ofsequentialocations or movements requires the operation of the inner
scribe. The scribe also extracts information from the visual cache to allow for
targeted movement, and hence any concurrent movement to discrete spatial
locations can result in a disruption of the visuo-spatial rehearsal mechanism
(Baddeley, Grant, Wight & Thomson 1975; Quinn & Ralston 1986).

In addition to rehearsing material held within the visuo-spatial sketchpad,
the inner scribe is also proposed as a means to support the manipulation and
transformation of visuo-spatial images. Logie and Salway (1990) have reported
that concurrent spatial tapping significantly disrupts participants accuracy during
the mental rotation of abstract shapes. In addition, concurrent tapping has been
shown to disrupt both the encoding and mental comparison of objects’ relative
size (Engelkamp, Mohr & Logie 1995).

Successful performance of mental synthesis is known to normally require a
complex number of spatial transformations to be carried out, including manipula-
tions of position, size, and orientation (Finke & Slayton 1988; Neblett et al. 1989
(reported in Finke 1990); Anderson & Helstrup 1993). The majority of these
studies have used the Finke and Slayton ‘creative synthesis’ task (Finke &
Slayton 1988), which has been widely used in the literature as an experimental
test of mental synthesis. During the task participants are verbally presented with
the names of overlearned symbols, which they are then asked to visualise, such
as a circle, a capital letter D, and a square. They must then mentally manipulate
and synthesise the symbols to form a nameable image, which is then assigned a
verbal label and then drawn onto a sheet of paper (Figure 1). In so doing the
participants are free to alter the size and orientation of the symbols, but cannot
distort them in any other way. The correspondence between the verbal label and
completed drawing is later rated by a panel of independent judges.

A study conducted by Pearson, Logie and Gilhooly (1999) found that
concurrent spatial tapping during the construction phase of the creative synthesis
task significantly reduced the number of legitimate patterns that participants
produced using the presented shapes. This was in contrast to only a marginal
effect of tapping on the number of trials on which participants correctly recalled
all of the presented shapes, and rteet of tapping at all on the rated corre-
spondence between the patterns and their corresponding verbal descriptions.
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Figure 1. Example of response sheet for the creative synthesis task (presented shapes were
circle, D, square, d, eight). Data taken from Pearson, Logie and Gilhooly (1999)

These results are consistent with the hypothesis that the inner scribe
component of visuo-spatial working memory is utilised during the spatial
manipulation of imaged shapes. Such manipulation is necessary in order to
produce legitimate patterns during mental synthesis, and concurrent tapping
appears to interfere with this process, resulting in the pattern of disruption
observed. In contrast, the scribe would seem to have a much less significant role
in the retention of the presented parts themselves.

There is little evidence that the degree of correspondence between the verbal
labels and the drawings of the synthesised patterndféstad by concurrent
tapping. This suggests that the locus of the interference is during the actual
combination of the imaged parts, and that once synthesis is successfully achieved
there is no further disruption of concurrent tapping on participants’ ability to
assign a verbal label to the completed pattern. This result is consistent with a
task analysis model of creative synthesis reported by Helstrup and Anderson
(1991), who divide mental synthesis into two phases; a construction phase, in
which the presented shapes are mentally assembled into a pattern, and a verbal
interpretation phase, in which the synthesised pattern is then given an appropriate
verbal description. The results of Pearson et al. suggest that the main involve-
ment of the inner scribe is during the construction phase of the synthesis task.
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Passive visual storage and mental synthesis

As discussed in the introduction, the revised model of the visuo-spatial sketchpad
consists of two inter-related components; an active spatial rehearsal mechanism,
and a passive visual cache that acts as a temporary store for visual material.
Recent research in this area has investigated the involvement of this cache during
mental imagery using visual interference paradigms. This was first demonstrated
by Logie (1986), who showed that concurrently presented line drawings could
significantly reduce participants’ memory for material learned using a visual
imagery-based mnemonic. Thidfect occurred even when participants were
instructed to attempt to ignore the irrelevant drawings, and has therefore been
likened to the irrelevant speecliifect that has been reported in the literature on
verbal working memory (Salame & Baddeley 1982, 1987, 1989).

Recently, methodological developments have replaced line drawings with
dynamic visual noise as a means of inducing visual interfereffeete within
visuo-spatial working memory. Quinn and McConnell (1996a, b; McConnell &
Quinn 1996) have claimed that such dynamic displays gain direct access to the
visual cache component of working memory and thereby disrupt the storage of
any visual material being held there. However, much of the empirical evidence
for this is based upon the use of imagery-based mnemonics such as the pegword
strategy, and it is less clear how such visual noise midgcathe kind of
imagery processing that occurs during mental synthesis. Pearson et al. (1999)
examined the fect of a concurrent dynamic visual noise display on participants’
performance of the Finke and Slayton creative synthesis task. They found no
significant éfect of concurrent visual noise either on the number of legitimate
patterns produced, the memory for the shapes themselves, or on the degree of
rated correspondence between the verbal labels and their associated drawings.
There is therefore no evidence from this study to support a role for the passive
visual cache in the temporary storage of visual material during mental synthesis.

These results do not appear consistent with the claim that the visual cache
component of working memory is involved during the generation and manipula-
tion of visual images, or that visual images are maintained within the visual
cache (i.e., Baddeley 1986, 1988; Quinn & McConnell 1996a, b). However, the
revised model of the visuo-spatial sketchpad discussed previously disputes this
interpretation of the relationship between visual imagery and visuo-spatial
working memory, and argues instead that the maintenance of conscious visual
images within a visual Kier is primarily the function of theentral executive
systenrather than the specialised visuo-spatial component (Logie 1995; Pearson,
Logie & Green 1996; see also Pearson, De Beni & Cornoldi, in press). This
conclusion is based upon a number of empirical findings which have shown that
visual imagery can be highly demanding upon general-purpose attentional
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resources (i.e., Salway & Logie 1990; Logie & Salway 1995) and suggest that
the generation and maintenance of visual images within a visuétrbis best
viewed as a function of the central executive rather than the visual cache.
Instead, the cache operates primarily ast@agemechanism, which provides
temporary storage of visual material during imagery tasks if required. Crucially,
however, any material stored in the cache is deefaadtionally separatérom
material maintained via the central executive within the visudfdsuHence,

there is a clear distinction in this revised model between the maintenance of
visual images by the operation of the central executive, and the rehearsal of
visual material within the visual cache by the operation of the inner scribe. Such
a separation is not without precedent, as a comparable distinction has been made
in the literature between auditory imagery and verbal rehearsal within the
phonological store component of verbal working memory (Baddeley & Logie
1992; Reisberg et al. 1991). In addition, the involvement of attentional resources
during the generation and maintenance of visual images is also a feature of many
current cognitive models of mental imagery (e.g., Kosslyn 1980, 1994).

Verbal representations and mental synthesis

Although mental imagery tasks have been traditionally assumed to draw primari-
ly upon visuo-spatial cognitive systems, a growing number of empirical studies
have demonstrated the important role that verbal encoding and rehearsal can play
during creative discoveries based on imagery. Brandimonte and colleagues
(Brandimonte, Hitch & Bishop 1992; Brandimonte & Gerbino 1993) have
reported that concurrent articulatory suppression can significantly improve
participants’ performance on image subtraction and reinterpretation tasks, but
only for those items which can be easily verbally encoded. In addition, Intons-
Peterson (1996) has shown that performance of image subtraction declines when
linguistic processing is encouraged, and increases when the visual aspects of the
task are emphasised. These results have been interpreted as demonstrating that
verbal representations can significantly impair the ability to make novel discover-
ies on the basis of visual imagery alone, and that concurrent articulatory suppres-
sion can remove thisfiect by preventing the use of verbal labelling during
imagery. However, this interpretation of thfext of articulatory suppression is
contentious, as it implies that suppression operates on a much deeper level of
verbal processing than has previously been assumed (Logie 1995; Reisberg 1996).
In terms of the task analysis model of mental synthesis proposed by
Helstrup and Anderson (1991), articulatory suppression could potentially interfere
with participants’ performance by disrupting the verbal interpretation phase of
the process. However, an alternative prediction is that articulatory suppression
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will instead disrupt the verbal rehearsal of the presented shapes themselves, and
thereby lower performance through memory interference rather than at the verbal
labelling stage of the synthesis task. Pearson et al. (1999) addressed these issues
by examining the fect of concurrent articulatory suppression on performance
of the creative synthesis task. If the focus of any interference was in terms of
verbal rehearsal of the presented parts, then disruption should have been evident
for the number of trials in which all parts were correctly recalled, but absent in
terms of the degree of rated correspondence between the verbal label and
associated drawing. The results of the study supported the hypothesis that the
phonological loop component of working memory is involved during the
rehearsal of verbal representations during performance of the creative synthesis
task. Concurrent articulatory suppression not only significantly lowered the
number of legitimate patterns that participants produced, but also significantly
lowered the number of trials on which they were able to successfully recall all
of the presented shapes.

As there was a specificffect of suppression on participants’ memory for
the shapes themselves, this suggests they were continuing to rehearse the verbal
labels during the construction phase of the synthesis task. There was also a
significant increase in the variance of responses for articulatory suppression when
it was performed concurrently with creative synthesis, and this is also indicative
of mutual interference occurring between the two cognitive tasks. Finally, the
fact that there was no significanffect of suppression upon degree of rated
correspondence between verbal labels and associated drawings suggests that the
cause of the interference was based upon the verbal rehearsal of the labels for
the shapes, rather than during the verbal interpretation phase of the synthesis
task, in which a verbal label was assigned to the synthesised pattern.

Conclusions

Figure 2 represents how the specialist components of working memory are
involved during mental synthesis based upon the findings of the studies discussed
previously. As the shapes are verbally presented to participants via their verbal
labels, initially they should gain direct access to the phonological store compo-
nent of working memory and be maintained there via the operation of the articu-
latory loop (Baddeley & Lewis 1981; Baddeley 1986). It is then argued that
participants generate conscious images of the shapes using the verbal representa-
tions, but continue to maintain the representations within the loop so as to
provide a memory backup for the shapes that is separate from the use of visual
imagery. Such a strategy represents a much mfieeterze means of spreading

the cognitive load of the task across the whole of the working memory system.
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STIMULI
"circle, square, D, D, rectangle”

PHONOLOGICAL LOOP
(temporary verbal storage & rehearsal)

"square, D,
D, circle,
f rectangle”
CONSCIOUS IMAGE VISUAL CACHE
(central executive involvement) (temporary visual storage

& rehearsal)
t/o)\ &
9

~ ol

Figure 2. Diagram of relationship between phonological loop/visual cache components and
conscious imagery during mental synthesis (from Pearson, Logie & Gilhooly, 1999)

Maintaining the presented shapes as verbal representations would considerably
reduce the load on the visuo-spatial sketchpad and central executive components,
as they would not be required to maintain the shapes to be combined purely in
a visual form.

Pearson et al. (1999) asked participants to give written protocols of what
they were consciously aware of experiencing while completing the creative
synthesis task. Many of the responses given indicate that, for most of the
construction phase of the task, participants do not experience maintaining a
conscious image of all five of the presented shapes simultaneously; e.g.,

Q) “took the most geometrically interesting shape (i.e., ‘J’ being very
interesting, also ‘X’ and to a lesser extent ‘T’ and ‘C’) and tried to
use it's shape alone or combined with a few other letters to form a
shape, then just worked the other parts in.”

(2) "I tried combining three of the shapes, then fitting the others to the
result.”
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Concurrent articulatory suppression interferes with the verbal rehearsal of the
presented shapes, placing a greater load on the other components of the working
memory system. This disruption of the maintenance of verbal representations
significantly reduces the number of legitimate patterns that participants can
produce, because they are no longer able to accurately recall the correct shapes
to add to their developing patterns.

During the construction phase of the task the spatial manipulation of the
shapes requires the operation of the inner scribe component of the visuo-spatial
sketchpad, but the control of these manipulations and the continued maintenance
and inspection of the conscious image is primarily dependent upon the resources
of the central executive system. This interpretation of synthesis performance
would therefore predict substantial dual-task interference if creative synthesis was
performed concurrently with an executively-demanding secondary task. Recent work
carried out by the authors (Pearson, Logie & Gilhooly 1998) has demonstrated this
using oral random generation as a secondary task, for which significant disrup-
tion was evident for both three and five part synthesis trials (Figure 3).

Although the generation and maintenance of conscious imagery requires a
substantial involvement of the central executive system, any spatial manipulations

5 P < 0.0001 P <0.0001

Mean noOf Leg. Patterns

— Synthesis alone
B with RNG

Three parts Five parts

Figure 3. Efect of concurrent oral random number generation (RNG) on mean number of
legitimate patterns produced for three and five part trials (from Pearson, Logie & Gilhooly,
1998)
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of images (such as changes in size or orientation) are assumed to also require the
operation of the inner scribe component. Concurrent spatial tasks have been
shown to interfere with mental rotation (Logie & Salway 1990), mental compari-
sons (Engelkamp, Mohr & Logie 1989), and mental animation (Sims & Hegarty
1997). Such a role for the inner scribe in manipulating imagery is also supported
by the finding discussed previously that concurrent spatial tapping results in
significantly fewer legitimate patterns being produced during mental synthesis
(Pearson et al., 1999).

The model depicted in Figure 2 also allows for the visual cache to store
material during synthesis as a back-up store for imagery, in a fashion analogous
to the way in which the phonological loop is used to maintain the identity of the
shapes being manipulated via mental imagery. However, as no studies have so
far demonstrated any significant interference from concurrent visual noise, this
means currently any involvement of the visual cache during mental synthesis
must remain speculative.

In conclusion, the research findings reviewed in this chapter have demon-
strated the involvement of spatial working memory during the spatial manipula-
tion of material during mental synthesis, and have also demonstrated the
importance of verbal representations during what may initially appear to be
primarily a visuo-spatial task. Specifically, mental synthesis appears to occupy
the resources of the working memory system as a whole, rather than relying
solely on the operation of the visuo-spatial sketchpad component.
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