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Abstract. Dealing with uncertainty is one of the major challenges when
constructing autonomous mobile robots. The CogX project addressed
key aspects of that by developing and implementing mechanisms for self-
understanding and self-extension — i.e. awareness of gaps in knowledge,
and the ability to reason and act to fill those gaps.

We discuss our robot called Dora, a showcase outcome of that project.
Dora is able to perform a variety of search tasks in unexplored environ-
ments.

One of the results of the project is the Dora robot, that can perform a
variety of search tasks in unexplored environments by exploiting prob-
abilistic knowledge representations while retaining efficiency by using a
fast planning system.

1 Introduction

The mission statement of the CogX project is

[...] to develop a unified theory of self-understanding and self-extension
with a convincing instantiation and implementation of this theory in a
robot. By self-understanding we mean that the robot has representations
of gaps in its knowledge or uncertainty in its beliefs. By self-extension
we mean the ability of the robot to extend its own abilities or knowledge
by planning learning activities and carrying them out.”

The Dora robot is one instantiation of this theory, demonstrating self-extension
in a task-driven way, i.e. ultimately it is driven to satisfy goals given by a user.
Dora can perform a variety of object search and exploration tasks in a dynamic
real-world environments. To achieve this, we have contributed to three areas of
research:
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— Reliability in the presence of an uncertain environment requires a probabilis-
tic representation of the world and taking these probabilities into account
for decision making. Our system uses probabilistic background knowledge to
perform tasks faster in the common case while still being able to perform in
unlikely situations.

— Flexibility of tasks is provided by using a domain-independent planner. This
has a number of important benefits in our setting. First, it means Dora can be
given a variety of goals — e.g., search for one or more specific objects, classify
a space, explore a space, etc. Second, as dialogue and sensing capabilities
are added to the robot, the planner is able to plan for those without any
modification to its architecture.

— To operate in an open world, the planner needs to be able to reason about
possible gaps in the robot’s knowledge and on how to fill those gaps.

In the following section we will give a short overview on related work and
then present the two central components of the system. A more comprehensive
description of many aspects of Dora is provided in an earlier paper by Hanheide
et al. [1].

2 Related Work

A number of autonomous robot systems have been developed that use domain
independent planning as their primary decision making component [2, 3], some
of them also operating in open worlds. We are, however, not aware of any robot
system that uses probabilistic models and domain independent planning for high-
level decision making.

A number of systems have been developed specifically for the task of object
search [4], but they usually treat the problems as purely geometric, not leverag-
ing semantic information or additional sources of information, such as dialogue
with a human. The system that comes closest to ours [5] uses decision theoretic
planning to locate objects in large environments but requires a pre-build and
annotated map.

3 The Dora System

The Dora system architecture is based on PECAS [6], consisting of various com-
ponents which are grouped into subarchitectures. For this abstract, we would
like to focus on two of those that are central to decision making: The Conceptual
Map, that represents and updates the probabilistic knowledge of the system and
the Planner, which uses this information to decide which actions to perform.

Some other subarchitectures, on which we will not expand, are the spatial
subarchitecture which is responsible for navigation and mapping, vision for ob-
ject detection and dialogue for interaction with humans. All these subarchitec-
tures can provide state information directly to the planner, or to the conceptual
map to integrate with prior knowledge.
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Fig. 1. A visualisation of the entities contained in the conceptual map. Sensing pro-
cesses (at the bottom) transform modal sensor input into instances (shown as ellipses)
and acquired relations with either other instances or known concepts (shown as boxes).
Using acquired and predefined relations, the conceptual map can then infer further re-
lations which is then used by the planning system.

3.1 Conceptual Map

The conceptual map [7], illustrated in Figure 1, uses probabilistic common sense
knowledge to make connections between concepts, such as room categories and
the existence of certain objects. For example, the knowledge that cereal boxes
are likely to be found in kitchens can (a) help in classifying the category (e.g.
kitchen) of a room in which cereals are seen, and (b) help the robot prioritise a
search for cereal if a room is likely to be a kitchen. These relations were initially
obtained from the Open Mind Indoor Common Sense database® and quantified
by queries to an online image search engine [8,9].

3.2 Planning
Our system uses a domain independent planner that combines decision theo-

retic reasoning with fast classical continual planning [10]. For high level decision
making, which we call sequential sessions, it operates according to the continual

8 http://openmind.hri-us.com/
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planning principle: It does not create a full plan for all contingencies but com-
putes one serial plan and monitors its execution, replanning if the robot ends
up in a state that makes the rest of the plan invalid. While the classical planner
used in this step is inherently deterministic, is can take probabilities into ac-
count by making assumptions (such as “room 0 may be a kitchen”). Less likely
assumptions lead to higher costs of the resulting plan, thus leading to plans that
tend to rely on more likely facts.

The replanning method employed in the sequential session makes it easy to
support open worlds, in which entities (such as rooms or objects) can appear
and disappear from the environment. To reason about finding new objects in
the planner, we add a number of virtual objects to the initial planning state
which the planner can instantiate and use later on [11]. For example, if the only
room known to the robot has a low likelihood of containing a cereal box, it may
decide to explore unknown space, hoping to eventually find a room where finding
cereals is more likely (e.g. a kitchen).

For problems that involve uncertainty and (possibly noisy) sensing, it is usu-
ally more appropriate to model it as a partially observable Markov decision
process (POMDP). POMDPs allow accurate modelling noisy sensing, such as
the effect of false positive and false negative rates in object detectors. As solving
large-scale POMDPs is infeasible, our planner tries to identify the parts of the
sequential plan in which taking these effects into account is important, and uses
a separate, decision theoretic planner to solve these subproblems.

4 Conclusion

We presented a robot system that approaches the problem of acting and reason-
ing in dynamic, open and uncertain worlds by integrating two approaches: the
conceptual map that integrates uncertain observations with probabilistic con-
ceptual knowledge and a fast continual planning system that can exploit these
representations to efficiently find plans to solve the given tasks. The resulting
system can operate autonomously in unknown environments while still being
able to solve tasks quickly.
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