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Abstract Space and time are two of the most funda-
mental categories any human, animal, or other cogni-
tive agent such as an autonomous robot has to deal
with. They need to perceive their environments, make
sense of their perceptions, and make interactions as
embodied entities with other agents and their environ-
ment. The theoretical foundations and practical impli-
cations have been investigated from a cognitive perspec-
tive (i.e., from an information processing point of view)
within the DFG-funded Sonderforschungsbereich/Trans-
regio SFB/TR 8 Spatial Cognition over the past twelve
years jointly by the Universities of Bremen and Freiburg.
The research covered fundamental questions: what are
the specific requirements of reasoning about space and
time, for acting in space, and for any form of interaction
including communication in spatio-temporal domains?
It has been a success story in all research lines from
foundational research to applications of spatial cogni-
tion in robotics, interaction and communication. The
SFB/TR 8 actually shaped a new research field by ex-
tending a previous subfield of cognitive science with its
own interdisciplinary techniques.
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1 Introduction

Whenever and whereever we are — we are always located
in space and time. We do not need to be conscious,
alert, or do any action: space and time are two of the
most fundamental categories of our pure existence. This
holds for any cognitive agent, be it artificial or natural.
Movement in space is one of the most fundamen-
tal actions any agent can perform. Further, we often do
reason about space and time. Both reasoning and move-
ment require to represent and process spatio-temporal
information to find our way. Often learning of new spa-
tial structures is involved, such as a landscape, streets
of a city, a path in a large building or simply a layout
or a map. A successful interaction with space requires
to infer locations of objects, and agents need to be able
to manipulate objects physically and mentally.
Biological agents like humans and animals have de-
veloped the abilities to reason about space and time,
to navigate through known and unknown environments
without getting lost, to self-localize, and to communi-
cate spatio-temporal information. Technical systems, in
contrast, are much worse at these task compared with
biological systems. To enhance a technical system’s spa-
tial cognition, the task seems to be easy at a first look:
Why not simply identify and transfer the spatial cogni-
tion of humans and to some extent of other animals to
technical systems? This requires to understand — in an
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implementable way — how humans perceive and reason
about space. However, this is besides all progress still a
non-trivial research question.

To tackle this question requires neuroscientific, be-
havioral, and psychological experiments to uncover be-
havioral regularities of humans while dealing with spatio-
temporal problems. In a next step we need to develop
cognitive and computational models, systems that are
able to explain and predict empirical findings and regu-
larities. We need to understand the formal aspects and
computational complexity of qualitative knowledge rep-
resentations and reasoning, as well. Additionally, as we
often encounter multi-agent scenarios we need to take
the communication of spatial information into account.
Known challenges about the self-localization problem
(SLAM) as well as perception and the interpretation of
perception are pertinent research questions. The major
challenge of the SFB/TR 8 was how human cognitive
abilities can be accomplished by technical systems, and
especially how to interpret existing spatial structures
in order to transform them computationally into new
structures representing new knowledge and insights.

2 Spatial Cognition Research

The investigation of information processing aspects of
space and time leads to the question in which ways and
to what extent the pertinent structures of space support
or impede cognitive processing and intelligent decision-
making: on one hand, these structures are quite specific
and may bias more general cognitive abilities such as
abstract thinking; on the other hand, spatio-temporal
information processing structures may be aligned with
the spatial and temporal structures that cognitive agents
are immersed in; thus spatial cognition may perfectly
support cognitive agents in what they need to do. In
the SFB/TR 8, spatial cognition has been studied in a
variety of ways (cp. Fig. 1): empirical cognitive psychol-
ogy and cognitive systems research investigate spatial
abilities of humans and autonomous robots such as spa-
tial orientation and wayfinding; this research explores
what kind of cognitive resources (perception, memory,
reasoning, communication, action) are employed to per-
form on spatial tasks. Spatial cognition also has been
studied on the theoretical level of logics and mathemat-
ics: which kinds of information are required to solve
certain spatial tasks and what is the computational
complexity of solving spatial tasks in certain knowledge

Fig. 1 The roadmap of the SFB/TR 8 over twelve years.

representation structures? Research in the SFB/TR 8
focused on high-level computational aspects of spatial
cognition and was structured into three research areas

(cp. Fig. 1):

— The reasoning area comprised projects concerned
with mental and formal representations of space and
with inference processes using these representations;

— The action area comprised projects that are con-
cerned with the acquisition of information from spa-
tial environments and with actions and behavior in
these environments;

— The interaction area comprised projects that are
concerned with communication about space by means
of language and maps; it addresses presentation for-
mats and interfaces for the exchange of spatial in-
formation between cognitive agents.
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2.1 Which research questions have been approached
by the SFB/TR, 87

Spatial cognition can be regarded as an exemplary do-
main of cognition in general, i.e., all relevant aspects
and problems of cognition can — to some extent — be
found in spatial cognition. Over the duration of the
SFB/TR 8 the notion of spatial cognition has under-
gone a significant change. Having been a subdiscipline
of (mainly psychologically dominated) cognitive science,
spatial cognition has become an interdisciplinary field
of research of its own. In this development, the SFB/TR
8 has played a key role and has gained recognition as
an internationally renowned research institution. Sup-
ported by the interdisciplinary nature of the SFB/TR
8, the field of spatial cognition is now understood as a
truly interdisciplinary research field with informatics,
artificial intelligence, cognitive psychology, linguistics,
and cognitive geography as the main contributing dis-
ciplines, besides others. Moreover, it is not just the es-
tablished disciplines that now contribute to spatial cog-
nition research but also numerous subfields that provide
innovative research methodologies, among them formal
methods, various types of robotics, semantics, innova-
tive empirical techniques, and many more.

Through the research over the twelve-year duration
of the SFB/TR 8, much has been learned about the
use of space, spatial structures, and the various poten-
tial descriptions of these. The multi-methodological ap-
proach has led to many research results. These range
from how humans internally represent spatial informa-
tion [16,14] and process this information neurally [13],
over formal representation for behavior of processes,
e.g., vessel movements [19], to better navigation strate-
gies for humans [10] and for robots [20]. Furthermore,
spatial reasoning methods in different knowledge repre-
sentation paradigms [7,18,15,5,12] over estimation of
3D-orientation from sensor data [8] and new frame-
works (particle filter based approach, optimization based
approach) for map building in robots [9,3] and humans
[11] have been systematically analyzed. This also com-
prised frameworks for spatially situated dialogue inter-
action [1,17], integrating planning [4], and design ques-
tions [2] to name only a few.

Spatial cognition also has been studied on the level
of technical construction in artificial intelligence: based
on the theories of spatial cognition we can build arti-
facts that implement exactly those aspects of percep-
tion, memory, information processing, communication,

and action that are hypothesized to be responsible for
intelligent processing of spatial information.

A special feature of the synthetic constructive ap-
proach is that we can build virtual worlds that violate
certain spatial structures of physical spatial worlds; this
allows for testing theories about processing spatial in-
formation in ways in which they cannot be tested by
conventional methods in physical space. Furthermore,
we must critically scrutinize the objectives of spatial
cognition: what is the set of tasks or other occupations
that are pursued by a cognitive system? This kind of
question has been investigated by looking at specific
application domains like communication about space
(cognitive linguistics), making maps that effectively and
efficiently permit wayfinding (cognitive geography), or
constructing physical spaces that serve specific func-
tions (cognitive architecture). This allows us to mea-
sure cognitive performance with respect to well-defined
goals.

2.2 Application scenarios and transfer projects

The SFB/TR 8 has not only concentrated on theoretical
foundations and basic research, it has also considered
various application scenarios. It has inspired projects
on navigation assistance for elderly people and people
with dementia, projects on design assistance, theoret-
ical and practical implementations of tools for hetero-
geneous ontological engineering.

Over the duration of the SFB/TR 8, two transfer
projects were initiated: The first project’s objective was
the design and development of a safe speech-controlled
wheelchair with driving assistance. The project aimed
at increasing mobility and autonomy of users who are
presently unable to safely operate an electrical wheel-
chair. The driving assistance compensates manual im-
pairment, for instance by avoiding obstacles and pass-
ing through doorways, or supports users who cannot
continuously control the wheelchair but can give inter-
mittent discrete commands [6]. To prove the effective-
ness of the system, a clinical study in cooperation with
Neurologisches Rehabilitationszentrum Friedehorst was
conducted.

The second idea of a transfer project grew out of
a cooperation with Fraport AG. The design division
at Fraport was interested in optimizing the signage at
Frankfurt airport and the SFB/TR 8 was able to pro-
vide methodology and expertise in terms of eye tracking
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and virtual reality techniques. First exploratory stud-
ies showed that this endeavor appeared to be interesting
for both parties and has lead to a recent application.

3 Outlook: What will be future research
activities in the field of Spatial Cognition?

3.1 New research questions

The work pursued over the duration of the SFB/TR 8
raised numerous new research questions. In autonomous
robotics, for instance, a move from geometry-oriented
to more semantics-driven reasoning has been pursued.
Also, dealing with dynamics and changing spatial situa-
tions will be taken into focus of future robotics research.
In humanoid robotics, the vision of developing fluently
acting robots with a more natural real-time behavior
will be an appealing field of research in the future.

In the research field of planning in computer sci-
ence there is a strong need of bridging the gap between
symbolic and continuous approaches to planning. Also,
situation-dependent criteria to decide which method of
planning is best employed in a given problem or task
need to be devised. The application of spatial cogni-
tion results in navigation assistance systems for people
with cognitive and motoric impairments has been iden-
tified as a fruitful domain for future product-oriented
developments. From a more theoretical point of view,
results obtained in spatial cognition research can be
employed in the investigation and for the understand-
ing of a wide variety of media and information arti-
facts like film, pieces of architecture, maps, diagrams,
sketches, and even interactive situations like meetings
or unstructured interaction patterns between people as
well as people and machines. The field of design cog-
nition offers a wide field of research questions and ap-
plication perspectives for providing technical assistance
to designers of spatial environments and architectural
artifacts. Also, investigating and modeling the use of
signs and signage will need more thorough attention
in future research. And, last but not least, the field of
spatial cognition provides exciting new opportunities
for employing physical spatial substrates in interactive
spatial scenarios and in the combination with abstract
processes of spatial computation.

3.2 Cooperative Research

Jointly with the International Spatial Cognition Qual-
ity Network (IQN), the SFB/TR 8 gained considerable
international visibility. This visibility was a factor in
the establishment of the NSF Spatial Intelligence and
Learning Center in 2006. With this center, the SFB/TR
8 engaged into a strategic partnership and shared / co-
sponsored the international Spatial Cognition confer-
ence series that had been established by the SFB/TR
8, as well as other scientific activities. Together with the
UCSB Center of Spatial Studies, the SFB/TR 8 contin-
ued the highly visible International Spatial Cognition
Summer Institute it had established in 2003. Numerous
excellent researchers in the vicinity of spatial cognition
at additional research centers worldwide are connected
in the IQN whose hub was located in the SEFB/TR 8.

Spatial cognition is a vibrant and exciting field and
will continue despite the official ending of the SFB/TR
8. Its importance can be shown by the last years No-
bel prize winners J. O’Keefe, M. Moser, and E. Moser
for their discoveries of cells that constitute a position-
ing system in the brain or on new SFBs such as the
SFB/TR 62!. Adopting Feynmans dictum: “What I
cannot create I do not understand”? reveals that there
is still a way to go until we will have obtained enough
understanding to create artificial cognitive agents that
have comparable spatial cognitive abilities, thus sharing
our cognitive space as equals.
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