A Distributed Cognitive Map for Spatial Navigation

Abstract

Animals quickly acquire spatial knowledge and are thereby able to navigate over
very large regions. These natural methods dramatically outperform current
algorithms for robotic navigation, which are either limited to small regions or require
huge computational resources to maintain a globally consistent spatial map. We
have now developed a novel system for mobile robotic navigation that like its
biological counterpart decomposes explored space into a distributed graphical
network of behaviorally significant places, each represented by an independent
“place agent” (PA) that actively maintains the spatial and behavioral knowledge
relevant for navigation in that place. Each PA operates only on its limited local
information and communicates only with its directly connected graphical neighbors.
Thus, there is no global supervisor and it is only necessary to maintain spatial
consistency locally within the graph. This simple strategy significantly reduces
computational complexity; scales well with the size of the navigable region; and
permits a robot to autonomously explore, learn, and navigate large unknown office
environments in real time.

Different Strategies to Represent Global Space
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Left: a global Cartesian map (top-down view), maintained by a mobile robot.

Center: a globally consistent topological representation of the same environment
maintained by a robot.

Right: A collection of individual programs as active place-representations, each only
knowing its respective local space and direct neighbors. The true graphical structure
of the underlying environment exists only implicitly.

Acquiring and Representing Local Spatial Knowledge
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Sensor fusion of data received from on-board sensors. All
information gets translated and rotated according to the
robot’s motion, decayed in time and distance, and
integrated. The resulting short-range “place signature”
(inside cloud) is the current best estimate of the robot’s
local environment in plan-view.

Incremental Acquisition of Distributed
Globally Consistent Spatial Information
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1-10: Incremental buildup of a network of places representing a real office space.

11: The resulting network superimposed over our best representation of the true
office space. Behaviorally relevant places are covered by a place agent (green circles).
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“False Location Images” of a Distributed Network of Place Agents
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Left: Representation as maintained in computer
Center: PAs at true spatial position with inconsistent neighboring information
Right: PAs at best “relaxed” positions to satisfy all local neighborhood constraints

Globally Consistent Behavior Exhibited by a Distributed Network

Searchinga Distant Target Establishinga Gradient

All PAs establish a gradient towards an towards a Distant Target
unknown distant target based on their

individual local knowledge and messages

exchanged with their nearest neighbors

in a two-stage process:

* querying neighbors for a target (red)

e propagating obtained information (blue) !
The gradient does not operate on absolute
direction to coffee, but only represents
neighborhood relations within the network

towards the distant target “coffee”. Multiple sources for a request generate multiple
attractors in the network. All place agents only use locally available information at
the time a message arrives to compute the gradient.

Representing Large Spaces

e S
| —

| | — L - | @
l % - " .. P,

L. LTS . '
. f'-\g\b'-
: by _ f
et 5
- = i__- I. ™
“& . M
T e

m " 1
_’<~—‘;I_

>4
p O T N - rant e .4
; :‘;’T& 1_5"#" 'q"“"-r”’ ,—-#—::- \!‘ _‘_Py ‘:____?-——-n -».

L sl I e . ? . \ e
. | - « - i %l X
¥ r x - - \ I. I|I - \ >
o ] , = - | -l ISV |
£ L . € N . | ol o | & L
| . J . + L | - “ — -
“ Y V¥ op U N v A\ ' R <ol gl——p— <9
4 [ g i ¥ : i .
> ‘_‘.": ” ¥ \ r -
l']"ui:—f;{"r. T P ;.-44"‘"-) ol
G-;ﬁ';'_,".-_- YN
'J‘ "~ .
|
L

TG Xy B P ——
' R, S ¥
l 7 rowy
2 ; s | |
- .. l / A

IS network represents one floor of the Institute of Neuroinformatics Shows severe
distortions with respect to the underlying environment at several places, most
dominantly visible along the horizontal aisle on the top end. Still, the network can
successfully guide the robot within the environment, as all individual PAs only suffer
from small local errors.
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Assumption: Globally Consistent Behavior Requires a Global Map!

Training Test Decision

Tolman (1931, 1948)
Morris (1981)

Significance: Distributed spatial representation linked to behaviors and actions. No global processing; still globally consistent behavior.

Results: Our system captures the behaviorally relevant aspects of an initially unknown environment in an active distributed representation
that is well suited for globally consistent actions and computationally simple. We can link our model into biology and psychology;
and demonstrate a model how brains might decompose complex global problems into local patches.
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