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Executive Summary

In the third phase of the project the overall objective was to increase the situation awareness of the
dialogue.

Based on results from the corpus analyses in WP1.3 as provided by KTH we pursued two strategies:
in WP1.1 we concentrated on adapting to different types of users based on evidence from WP1.3 and
literature, thus increasing the awareness with respect to the user. In contrast, in WP1.2 we focussed
on multi-modal information as derived from different perception components in order to increase the
awareness with respect to the interaction situation. This work was carried out by UniBi.

Further steps towards a more intelligent situation awareness have been taken by developing a prelimi-
nary conceptual integration of the dialogue with the planning (or supervision) module as provided by
RAG6. This work has been carried out in cooperation between the partners LAAS and UniBi. Further-
more, we continued our work on spatial representation by integrating the KTH localisation module
with the dialogue.

Finally, in WP1.3 we have focussed our interest towards the planning and preparation of evaluation
activities for the fourth phase. We have provided input to the evaluation plan by giving a scientific
background to the term “user experience” as a basis for the evaluation activities of the key experi-
ments. We have further refined the multi-modal corpus by providing the possibility to utilize context-
providing resources (task sequences, positioning, text descriptions etc). This work has been carried
out by KTH.

With respect to overall evaluation, video trials of the home-tour scenario in cooperation between the
three partners UH, KTH and UniBi have been initiated.

Role of multi-modal dialogues in Cogniron

Using language to communicate with others is one of the most important cognitive abilities of hu-
mans. Enabling dialog capability is, therefore, essential for a cognitive robot companion which is
supposed to demonstrate human-like capabilities. Since a robot is embodied and situated in the real
environment the dialog system of a robot has to handle more complex interactions than in human
computer interaction. One of the crucial aspects is the handling of multi-modality because in embod-
ied communication human interlocutors make heavy use of gestures and other non-verbal signals and
make references to the shared environment. Building a flexible dialog system with the ability to han-
dle multi-modal information and continuously evaluating the system during the different development
cycles are therefore the focus of this research activity.

Relation to the Key Experiments
While the dialogue has so far been only integrated in the Home-Tour Scenario (KE1), it is now being

integrated in the Curious-Robot Scenario (KE2) in order to allow for an integration of dialogue with
task planning.

Page 2



Deliverable D1.2006
31/12/2006
Revision final

COGNIRON
FP6-1ST-002020

1 Multi-modal Dialogues 4
1.1 Adaptive multi-modal dialogue . . . . . . . ... ... oo 4
1.1.1 Adaptation model . . . . . ... .. .. ... ... 4
1.1.2  Communicative SUCCESS . . . . . . v v v v v it e 6
1.2 Representation and integration of knowledge for an embodied multi-modal dialogue
4] 1 1 6
1.2.1 Handling of multiple-users situations . . . . . .. ... ... ... ..... 6
1.2.2  Integration of planning with dialog modeling . . . . . ... ... ... ... 7
1.2.3  Integration of dynamic topic tracking with dialog modeling . . . . . . . . .. 8
1.2.4 Integration of localisation (KTH implementation) with dialog modeling . . . 8
1.3 Evaluationmethods . . . . . . . . . ... L 8
1.3.1 Usingthe corpus . . . . . . . . . . . i it 8
1.3.2  Workonusertypes . . . . . . . . o e 10
1.33 VideoTrials . . . . . . . . . . 10
2 Future Work 11
3 References 11
3.1 Applicable documents . . . . . . . ... 11
3.2 Reference documents . . . . . . ... 12
4 Annexes 13
4.1 Summaries of Papers . . . . . . .. ... 13
42 Papers . . ... e e 18
Paper [1] . . . . . . o e e 18
Paper [2] . . . . . 22
Paper [3] . . . . . e 30
Paper [4] . . . . . e 36
Paper [S] . . . . . e 44
Paper [6] . . . . . . e 50
Paper [7] . . . . . e 52
Paper [8] . . . . . . e 59
Paper [9] . . . . . e 67
Paper [10] . . . . . . . e 73
Paper [11]. . . . . . o e 80
Paper [12] . . . . . . o e 84
Paper [13]. . . . . . e 88
Paper [14] . . . . . . o e 97
Paper [15] . . . . . . e 100
Paper [16] . . . . . . . o e 114

Page 3



Deliverable D1.2006
31/12/2006
Revision final

COGNIRON
FP6-1ST-002020

1 Multi-modal Dialogues

1.1 Adaptive multi-modal dialogue
1.1.1 Adaptation model

The main focus of WP1.1 in this phase was the design and the implementation of adaptive dialogue
strategies based on an appropriate user model. Our approach [15] was motivated by analyses of user
types and strategies carried out by KTH in WP1.3 and a large body of literature on adaptive systems
in HCI and by our own empirical knowledge in HRI. The goal of this effort is to increase usability
and acceptability of the system to different types of users.

Our approach follows the well established general adaptation schema (Structure (a) in Fig. 1) proposed
by Jameson [22]. The central construct in this schema is the user model that specifies characteristics,
needs, preferences and goals of users that are typical for an application. The content of the user model
is often defined in terms variables, the values of which differ between users. During the interaction,
the system adapts its behaviors based on the values of the current user. To achieve this goal, the
system needs to first collect information about the user based on her input. Then, in the process of
user model acquisation, statistical learning algorithms and/or rule-based inference mechanisms are
applied in order to associate the information collected from the user with certain variables in the user
model. Subsequently, the system applies these relevant values to the on-going interaction and varies its
behaviors in certain interaction situations. The challenges in the development of user adative systems
based on this schema lie in the identification of appropriate user model variables, the association of
user input with these variables and the specification of interaction situations, for which the system
behaviors should be adaptive.

1. experience level
USER MODEL 2. help-seeking type
3. interaction type

/ N RN
observation of user’s examine current situation
USER MODEL ACQUISITION USER MODEL APPLICATION speech behavior in correlation with user profile

//
INFORMATION
ABOUT USER

Figure 1: (a) General schema for the processing in a user-adaptive system according to Jameson. (b)
The implemented adaptive schema in RA1 (Ovals: input or output; rectangles: processing methods;
cylinder: stored information. Dotted arrows: use of information; solid arrors: production of results)

~\

1. experience level
2. interaction frequency
3. user ignorance

4. user usage of nice words
5. speech recognition error:

1. to take or not to take initiative
2. if yes, what initiative?

PREDICTIONS OR
DECISIONS ABOUT USER

(a) (b)

The adaptation mechanism that was implemented within RA1 is based on this general schema (struc-
ture (b) in Fig. 1). The major innovation of our approach is the broad coverage of the user model and
the system’s ability to vary its initiative behaviors.

The main components of the adaptation scheme are the user model, the information collection for
the acquisition of the user model and its application in order to produce predictions about the user’s
behavior as a basis for decisions of the robot’s own behavior. These components are summarised in
the following.

e User model: The user model specifies characteristics of users concerning their interaction expe-
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rience and preference. In our current implementation, each user is modeled by three variables:
experience level (and interaction frequency), help-seeking type and interaction type, which ad-
dress the issue of task success, interaction control and interaction pleasure, respectively.

— The User experience level is a heuristic measure for the user’s initial need for task-related
help from the system. The values can either be novice or experienced. Interaction fre-
quency is a more fine-grained variable and enables even finer variation of system behav-
iors.

— The help-seeking type of a user indicates the attitude of the user with regard to her prefer-
ence for the system’s task-related initiative. In this respect, a user can be help-appreciator
who is grateful for hints about how to interact with the system, or she can be help-rejector
who prefers to explore the system by herself and views system’s suggestions as an attempt
to patronize her. For example, a novice user can be expected to need more task-related
help from the system. However, if she is a help-rejector the system should phrase its help
suggestions more carefully and less frequently.

— The interaction type can be interpreted as an attempt to estimate the user’s tendency to
anthropomorphize the robot. According to Fischer [19], a user can be a player, who treats
a robot as a human and enjoys socially-aware behavior of the robot, or a non-player,
for whom a robot is a machine whose performance is measured only according to its
successful task execution rate and who should not make socially-related comments.

e Information collection: The above variables are instantiated based on the user’s interaction
behaviors. More specifically, the following information from the user is collected: (1) the inter-
action frequency of a given user (for user experience level and user interaction frequency); (2)
whether the user follows system’s task-related initiatives, that is, whether she reacts positively
to help given by the system (for help-seeking type); (3) whether the user uses phrases that are
typical for human-human interactions, e.g., “Thank you”, “Sorry’, “How are you?” (for inter-
action type). Additionally, the amount of speech recognition errors that occur after utterances
that are initiated by the system is registered. This is a useful measure for estimating the user’s
tendency of meta-commenting the system’s behavior so that steps can be taken to reduce the
damage of some users’ meta-comments relating to the system’s behavior.

e User model acquisition: Once a user is identified at the beginning of the interaction, her values
for experience level and interaction frequency are increased. Once a user demonstrates the
above behaviors (2) and (3), her values concerning help-seeking type and interaction-type are
updated. Note, there is no one-to-one causal relationship between behaviors and values for the
corresponding variables, instead, the behaviors (2) and (3) have to occur more frequently than
a threshold until the user model values are actually changed. This policy softens the behavior
variations of the system.

e User model Application: During an interaction, the dialog system interpretes interaction situ-
ations (s. below) depending on the values of the user model. Some of the interaction situations
require an online evaluation of the user’s and the system’s performance. An indicator for per-
formance problems of the user are the number of illegally proposed tasks. Indicators for robot
performance problems are perception problems such as speech and gesture recognition errors.

e Prediction or decision about the user: The behavior variations of the system concern the con-
tent and the frequency of the system’s initiatives. Four attributes are specified for each initiative:
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Type (task-related or social initiatives), Group (min, max, or med, indicating the frequency of
initiative that should be used for the current user), Trigger (the interaction situation, in which
the system has to make a decision about taking the initiative) and Priority (priority of this initia-
tive, relevant in case of multiple possible initiatives). Given a trigger and the current user profile
(based on the values of the user model), the system makes a decision on whether to take an ini-
tiative of either type and/or what initiative to take. These initiatives are defined in an external
configuration file and include initiatives such as proposing self-explanation at the beginning of
the interaction (task-related initiative), proposing new legal task (task-related initiative), show-
ing happiness when starting interaction with an known user (social initiative), summarizing the
current session at the end of the interaction (social initiative), and so on. For a complete list of
these initiatives and how they are handled given different user profiles, see [15].

Our adaptation approach is a powerful mechanism and its benefits include the following three points.
Firstly, the three variables of the user model address both aspects of usefulness and social ability of a
robot companion (as identified as crucial by Dautenhahn [18],) and enable them to be operationalized
with clearly defined system behaviors. Secondly, the parameters of initiative frequency softens the
adaptation behavior of the system and reduces user confusion caused by variable system behavior
(which is a common problem for adaptive systems). Thirdly, the system can be implemented in a way
that the major behavior control is sourced out to configuration files so that modifications can be easily
carried out. For the details of the implementation, including the currently implemented initiatives,
triggers, update mechanism and the major configuration files, see [15].

1.1.2 Communicative Success

Our work on communicative success has been integrated implicitly in the adaptation model. In this
model we operationalize communicative success by observing the number of illegal commands given
by the user and by the (perceived) recognition errors of the system. From this perspective, our goal
of the adaptation scheme is to enhance the communicative success by minimizing the ‘errors’ (i.e.
unexpected behaviors) made by the user. In parallel to this adaptation scheme we still maintain the
concept of support exchanges (= clarification subdialogues). The frequency of support exchanges is
used as an online measurement of the performance of the dialogue system.

1.2 Representation and integration of knowledge for an embodied multi-modal dia-
logue system

The focus of this workpackge was to increase the situation awareness of the dialog system by taking
into account multi-modal information about the interaction situation.

1.2.1 Handling of multiple-users situations

We implemented a mechanism for the system to be able to correctly make the decision whether to
process speech input forwarded by the speech recognizer, which is important for the robot to achieve
situation awareness. The necessity for this mechanism is demonstrated in the following two situations.
In situation one, the user is talking to the robot while another person approaches the user to talk with
her. The major challenge of this situation is that it is not clear whether the dialog system should
process the speech input forwarded by the speech recognizer because it can not be determined for
sure, by the perception modules alone, whether the user speech is now directed to the robot or to the
third person. In situation two, the robot is driving into the kitchen autonomously and the user suddenly
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shouts “stop”. Usually, this speech input will not be processed because the user is behind the robot
and no active interaction partner can be perceived. This “stop” can be, however, crucial when the
robot is on the wrong track and in danger of colliding with an object.

To cope with such situations, the dialog system draws on three different parameters to make this
decision: the content of the speech input, the input from the person detection module and the dialog
expectation. As can be seen in the pseudo-code in Fig. 2, the more ambiguous the situation is, the more
restrictions are put on the decision making process. As an emergency command “stop” is allowed in
any situation. Even if the “stop” is not directed towards the robot, the cost of this wrong decision is
probably lower than vice versa. If a human can be detected, then the decision depends on whether she
looks at the robot as she produces speech. If more than one person are detected, the decision mainly
relies on the dialog system’s expectation: if a user reply is expected, then the speech is probably
directed to the robot, otherwise, it again depends on whether the user is looking at the robot. In case the
situation is classified as ‘ambiguous’ error handling strategies (handle-suboptimal-case) are applied
depending on the user adaptation process (i.e. by explicitly asking for clarification or by ignoring
ambiguous command). The graded decision making process of this approach has the advantage that
different levels of restrictions can be adopted in different situations.

should_process_speech_input

if (the speech input is "stop”)
return true;

else if (one person can be detected)
handle_single_person

else if (more than one person can be detected)
if (dialog expects user reply)
return true;
else
handle_suboptimal_case

else
return false;

I
: handle_single_person

: if (this person is looking at the robot)
: return true;

I

|

else
return false;

Figure 2: How to decide whether to process speech input

1.2.2 Integration of planning with dialog modeling

Apart from sensoric information that gives information about the interaction situation, situation aware-
ness can also be improved by incorporating reasoning mechanisms that are provided by a supervision
or planning component. Therefore, a conceptual integration of dialog and task planning has been
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prepared in close cooperation with RA6. The scenario, which will be integrated in KE2, envisions
currently the task of asking the robot to fetch a certain object from a certain place. While this is an
apparently trivial task with respect to dialog it has turned out to consist of numerous interesting deci-
sion points where either the user or the robot can take initiative in order to negotiate about the current
plan (for an internal working paper on this work cf. [13]).

1.2.3 Integration of dynamic topic tracking with dialog modeling

In order to demonstrate situation awareness with respect to the semantics of the user’s utterances we
integrated an approach to dynamically track topics in situated human-robot interactions. By dynami-
cally we mean that neither the topics nor the amount of topics are predefined but adjusted dynamically
during the interaction. This enables the system to draw simple inferences without explicit reasoning
and without a pre-defined knowledge-base by associating words and objects that ‘belong’, that is
co-occur together.

The topic tracker has been integrated with the dialogue module and has been evaluated offline (pre-
cision and recall of topic classification) and online. It was shown that subjects were sensitive to the
robot’s ability to detect connections in the discourse ([10], [11] [12]).

1.2.4 Integration of localisation (KTH implementation) with dialog modeling

Furthermore, we continued our work on spatial representation by integrating the localisation approach
from KTH with the dialogue. Based on experiences from user studies in RA1 and RA3 a mapping
hierarchy was defined where spatial points are represented as either rooms, areas or objects, depending
on how users refer to them and what role they play in further interactions. Our hypothesis is that it
will be easier for users to interact with a robot when they have similar representations of the spatial
environment. See [16] for an unpublished detailed summary of this work.

Further publications within this WP in the third phase concern results from work accomplished mainly
in the second phase of the project [9], [6], [8], [7], [4] and [5].

1.3 Evaluation methods

In the third phase we have focussed our interest towards the planning and preparation of evaluation
activities for the fourth phase. We have provided input to the evaluation plan by giving a scientific
background to the term “user experience” as a basis for the evaluation activities of the key experi-
ments.

We have further refined the multimodal corpus by providing the possibility to utilize context-provding
resources (task sequences, positioning, text descriptions etc). In coordination with work in WP3.4 we
have refined the annotation schema based on the Cogniron taxonomy. This has been reported in [3]
and in the deliverable for RA3 (WP3.4).

1.3.1 Using the corpus

The corpus has been utilized to propose and empirically motivate the novel concept of spatial prompt-
ing! that can be used to actively influence users’ way of positioning themselves. This is further
described in [1].

'A spatial prompt can be defined as the act of inciting someone to perform spatial action.
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By viewing the video corpus we identified and analyzed instances where the robot movements or
verbal actions appear to influence the actions of the user. The robot seems to incite the user to act in
different ways:

e Primary verbal: by using a spoken command
e Primary non-verbal: by movements
e Multi-modal: using movement as trigger for a verbally specified (or grounded action)

An example of a spatial prompt for a cognitive robot would be to direct the camera gaze towards the
direction the robot is going in order to implicitly “give way” to the user.

We have also used the corpus data and the available literature to analyse generic user behavior in a
human-robot interaction context. We have approached this from two perspectives. First of all we have
attempted to find support in our corpus data for previously reported user behavior or user classification
(e.g., player vs. non-player users [19], degree of engagement [24]).

The second perspective is more explorative, but from a project perspective more interesting. To our
knowledge, very few attempts to model a user scenario as complex as the Home tour exist. We have
therefore also categorised users, trying to group them into broad classes based on behaviors observed
in the corpus.

This work is summarised in an internal working paper [14] and is also heavily related to the work on
development of a joint taxonomy of gesture for human-robot interaction done in RA3 (WP3.4) as the
annotation categories are used to derive, explain and motivate the user classification. If we are to use
behavior of users as cues for classification we need to establish to what extent this is done using

e Human observation, i.e., through qualitative analysis of usage situations (e.g. corpus analysis)

e Algorithmic methods, i.e, by employing robot sensors and software to pick up and classify user
behavior.

Since there is a link (through the use of the taxonomy) to the user classifications in the corpus, we
are also taking into consideration to what degree algorithmic methods can be employed to perform
classification of users in the real system. Currently in WP1.3 we are analysing the corpus (i.e. using
human observation) to come up with a set of user behaviours that can be used to define a broad user
model. We are thus analysing user behavior along three dimensions:

e Global organisation: interaction and task strategies. In RA3 we have analyzed how task transi-
tions affect the way spatial positioning is performed [21]. The data from this study provides a
global picture of the distribution and sequencing of tasks for the Home Tour scenario. Further-
more we have been looking at the following episodes in the corpus data:

— First encounter: how is interaction initiated?
— First failure: when is the first problem encountered?

— Organisation of task: what are the interaction characteristics with respect to solving the
task?

— Closing: how is the interaction ended?

e [ocal organisation: we are analysing sequences of user behavior in order to establish single or
complex behaviors that can be observed by humans and possibly used as cues for algorithmic
methods. One example is the way users sometimes change their posture (e.g. folding arms)
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after issuing a “find” command. Another example is how objects are manipulated in order to
provide for a show interaction episode.

e Natural language adaptations: we are analysing the corpus to establish if there are linguistic and
gestural patterns that can provide cues for modelling users. For instance, the way users align to
the robot’s vocabulary; how pointing gestures are performed; or the way some users attempt to
establish eye-contact with the robot’s onboard camera.

Work in this workpackage has been published in [1], [2], [3].

1.3.2 Work on user types

Based on analyses of the corpus we have come up with the proposal of two different types of infor-
mation that could be used to group users based on the very first robot encounter:

e Greeting, first actions and first problem encountered,

e Distribution of deictic and ergotic (manipulative) gesture.

The first type of information can be accounted for by using, e.g., an information-state approach used
in dialogue systems. The second type, provides a challenge for a sensor based system. Thus in order
to encounter for this type of activities we need to detect both pointing gestures and ergotic gestures.
It is therefore necessary to allow for any component that maintains a user model to be able to receive
or get information from other system components and should be considered in system design. Since
this work is explorative we will turn our future interest towards behavioural features of interaction
that could be used to tie into other frameworks, for instance, the notion of engagement [17, 24]. And
also, with respect to Fischer’s notion about the player/non-player [20], the notion of presence as
immersion [23] and willingness to suspend disbelief [23]. For more details of this analysis cf. to the
unpublished working paper [14].

1.3.3 Video Trials

As a pre-study for the evaluation of the dialogue module in real life interactions we are currently
carrying out a video study as a joint effort of UH, KTH and UniBi. For this study we have video-taped
an interaction of an actress with BIRON in the apartment that has been rented by UniBi. Alternative
behaviours of BIRON with respect to the dialogue behaviour and the spatial movements> have been
recorded in order to compare them by assessing the ratings of subjects watching the video-taped
human-robot interaction.

The video and questionnaires are currently being presented in a pre-trial to students at UniBi. For the
final study the video and questionnaire will be translated to English and Swedish in order to draw on
a larger population and to allow for inter-cultural comparisons.

ZNote that for the ease of recording we have completely teleoperated BIRON for this study. For some behaviours this
was even necessary as not all functionalities were completely and robustly integrated at the time of recording (November
2006).
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2 Future Work

In the final phase we will focus our efforts on the integration of dialogue and task planning by fully
integrating the dialogue system in the KE2 platform. The second focus in RA1 will be on the evalua-
tion of the dialogue as within the overall system by real interaction studies. An extension of our work
will be user studies within the home tour scenario (KE1) with respect to user experience of the overall
system when interacting with the final KE1 platform.
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The annex contains a set of published and internal papers as listed below in alphabetical order.

Published Papers

[1] Making a Case for Spatial Prompting in Human-Robot Communication , Multimodal
Corpora: From Multimodal Behaviour theories to usable models
Anders Green, Helge Hiittenrauch
Workshop at the Fifth international conference on Language Resources and Evaluation, LREC2006,
Genova, May 22-27.

This paper motivates a design case for a multimodal interface where the robot utilizes a (naive)
spatial prompting strategy to influence the spatial positioning and communicative behavior of
the user. The design can be seen as an example of spatial prompting, a notion which is intro-
duced in this paper. To provide an empiric background for this design we have analysed a set
of examples of how verbal and non-verbal behavior of a service robot influence users? way of
positioning themselves during interaction, using concepts from theories of non-verbal behavior.

[2] Measuring Up as an Intelligent Robot - On the Use of High-Fidelity Simulations for
Human-Robot Interaction Research
Anders Green, Helge Hiittenrauch, Elin Anna Topp (2006)
PerMIS °06, Performance Metrics for Intelligent Systems, The 2006 Performance Metrics for
Intelligent Systems Workshop, Gaithersburg, MD, August 21-23, 2006

This paper describes and discuss user-centered Hi-Fi simulation methods. By actively shaping
the system both in terms of technology and in interface design the interest of both users and de-
signers are involved in the process as stake-holders. We have analyzed two different simulation
studies performed sequentially with different foci, but within the same overall scenario. The
data obtained from Hi-Fi simulation studies is to a large extent qualitative, but data can also
be used as a resource to be used for component development, e.g. as training data for speech
recognizers. The collected data may also be used for quantitative evaluation depending on the
experiment design.

[3] Developing a Contextualized Multimodal Corpus for Human-Robot Interaction
Anders Green, Helge Hiittenrauch, Elin Anna Topp and Kerstin Severinson Eklundh
Fifth international conference on Language Resources and Evaluation, LREC2006, Genova,
May 22-27.
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This paper describes the development process for the contextualized corpus that has been de-
veloped.The data have been collected in two Wizard-of-Oz user studies performed with 22 and
5 users in the the Home Tour scenario. The corpus has been transcribed and annotated with
respect to gestures and conversational acts, thus forming a core annotation. We have also an-
notated or linked other types of data, e.g., laser range finder readings, positioning analysis,
questionnaire data and task descriptions, that form the annotated context of the scenario.

Situated speech understanding for robust multi-modal human-robot communication
Sonja Hiiwel and Britta Wrede
Int. Conf. Computational Linguistics (CoLing/ACL) 2006.

This paper presents a speech understanding component for enabling robust situated human-
robot communication. The aim is to gain semantic interpretations of utterances that serve as
a basis for multi-modal dialog management also in cases where the recognized word-stream
is not grammatically correct. For the understanding process, we designed semantic processing
units, which are adapted to the domain of situated communication. Our framework supports the
specific characteristics of spontaneous speech used in combination with gestures in a real world
scenario. It also provides information about the dialog acts. Finally, we present a processing
mechanism using these concept structures to generate the most likely semantic interpretation of
the utterances and to evaluate the interpretation with respect to semantic coherence.

Robust speech understanding for multi-modal human-robot communication
Sonja Hiiwel, Britta Wrede and Gerhard Sagerer
15th Int. Symposium on Robot and Human Interactive Communication (RO-MAN) 2006.

In order to model complex human robot interaction researchers not only have to consider differ-
ent tasks but also to handle the complex interplay of different modules of one single robot sys-
tem. In our context we constructed a robot assistant integrated in a home or office environment.
We allow for a fairly natural communication style, which means that the users communicate
using speech but are also allowed to use gestures and moreover to use contextual scene knowl-
edge. Against this background, this paper presents a robust speech understanding component
for situated human-robot communication. It serves as interface between speech recognition and
dialog management. To increase robustness of speech processing it rates the speech recognition
output by means of semantic coherence. Even if the recognized word-stream is not grammati-
cally correct the speech understanding component provides semantic interpretations in context
of multi-modal input for dialog management. For the understanding process, we designed spe-
cial semantic concepts grounded to the domain of situated communication. They also provide
additional information about the dialog act. A processing mechanism uses these concept units
to generate the most likely semantic interpretation of the utterances.

Position Paper

Shuyin Li

2nd Young Researchers’ Roundtable on spoken dialog systems In conjunction with Interspeech,
2006

Short position paper presented at the Young Researchers’ Roundtable as a basis for discussion
on spoken dialog systems.

Why and how to model multi-modal interaction Shuyin Li and Britta Wrede
AAAI Spring Symposium on Interaction Challenges for Intelligent Assistants, 2007. To appear
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Verbal and non-verbal interaction capabilities for robots are often studied isolated from each
other in current research trend because they largely contribute to different aspects of interac-
tion. For a robot companion that needs to be both useful and social, however, these capabilities
have to be considered in a unified, complex interaction context. In this paper we present two
case studies in such a context that clearly reveal the strengths and limitations of these modalities
and advocate their complementary benefits for human-robot interaction. Motivated by this evi-
dence we propose a powerful interaction framework which accounts for flexible multi-modality
management in complex interactions.

A computational model of multi-modal grounding
Shuyin Li, Britta Wrede and Gerhard Sagerer
ACL SIGdial Workshop on discourse and dialog In conjunction with CoLing/ACL, 2006

Dialog systems for mobile robots operating in the real world should enable mixed-initiative
dialog style, handle multi-modal information involved in the communication and be relatively
independent of the domain knowledge. Most dialog systems developed for mobile robots today,
however, are often system-oriented and have limited capabilities. We present an agent-based
dialog model that are specially designed for human-robot interaction and provide evidence for
its efficiency with our implemented system.

A dialog system for comparative studies
Shuyin Li, Britta Wrede and Gerhard Sagerer
15th Int. Symposium on Robot and Human Interactive Communication (RO-MAN), 2006

In domestic social robot systems the dialog system is often the main user interface. The verbal
behavior of such a robot, therefore, plays crucial role in human-robot interaction. Comparative
user studies on various verbal behaviors of a robot can effectively contribute to human-robot
interaction research. In this paper we present a dialog system that can be easily configured
to demonstrate different verbal, initiative-taking behaviors for a robot and, thus, can be used
as a platform for such comparative user studies. The pilot study we conducted does not only
provide strong evidence for this suitability, but also reveals benefits of comparative studies on a
real robot in general.

BIRON, whats the topic? - A Multi-Modal Topic Tracker for improved Human-Robot
Interaction.

Jan F. Maas, Thorsten Spexard, Jannik Fritsch, Britta Wrede, and Gerhard Sagerer

Proc. IEEE Int. Workshop on Robot and Human Interactive Communication (RO-MAN), 2006.

Creating robots with extendable social skills and interaction capabilities that suffice their oper-
ation in the real world with naive users is a very challenging task. In this paper we present a
new approach using topic tracking on multi-modal dialogue to provide a mobile robot with a
higher level situation awareness in human-robot interaction. The robot is no longer operating
in laboratory surroundings, but in its own real world flat. We describe how our topic tracking
approach is implemented in this integrated system, operating on verbal speech input. Differ-
ent modalities like data from video cameras and laser scans are used as additional cues to a
semantic understanding and grouping of user utterances into different topics. Both the amount
of topics and the according topic names are created dynamically. Evaluating an offline speech
corpus demonstrates the suitability of our approach. It is now possible to ask ‘BIRON, whats
the topic?’, making the interaction more social.
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[11] BITT: A corpus for topic tracking evaluation on multimodal human-robot-interaction.
Jan F. Maas and Britta Wrede
Proc. Int. Conf. on Language and Evaluation (LREC), 2006.

Our research is concerned with the development of robotic systems which can support people
in household environments, such as taking care of elderly people. A central goal of our research
consists in creating robot systems which are able to learn and communicate about a given en-
vironment without the need of a specially trained user. For the communication with such users
it is necessary that the robot is able to communicate multimodally, which especially includes
the ability to communicate in natural language. We believe that the ability to communicate
naturally in multimodal communication must be supported by the ability to access contextual
information, with topical knowledge being an important aspect of this knowledge. Therefore,
we currently develop a topic tracking system for situated human-robot communication on our
robot systems. This paper describes the BITT (Bielefeld Topic Tracking) corpus which we built
in order to develop and evaluate our system. The corpus consists of human-robot communica-
tion sequences about a home-like environment, delivering access to the information sources a
multimodal topic tracking system requires.

[12] Towards a multimodal topic tracking system for a mobile robot
Jan F. Maas, Britta Wrede, and Gerhard Sagerer
Proc. Int. Conf. on Spoken Language Processing (Interspeech/ICSLP) 2006.

Topics in situated and task oriented communication depend heavily on the given, often changing
environment, making the detection of predetermined topics in many cases useless. Detection
of non-predefined topics can enhance Human-Robot-Interaction (HRI) in a variety of ways,
though. In this paper we propose a way to dynamically determine topics during Human-Robot-
Communication using well established techniques such as Latent Semantic Analysis (LSA).
The procedure is based on multimodal cues, supporting the view that topics are not simply a
property of spoken or written language, but of multimodal situated communication. An online
version of the topic detection system has been developed and is currently being tested on our
mobile robot BIRON. To demonstrate the feasibility of our approach, we present the results of
an evaluation of our system on the BITT corpus.

Unpublished Working Papers and Technical Reports

[13] Interaction between dialog, supervision and planning
Aurélie Clodic, Shuyin Li, Britta Wrede, Rachid Alami
Joint RA1-RA6 working paper, UniBi-LAAS

[14] User Models Based on Initial Interaction Patterns and Deictic / Ergotic Gestures
Anders Green
Working paper on user models for adaptation, KTH

[15] Adaptive dialogue for human-robot interaction
Shuyin Li, Britta Wrede
Technical Report, Applied Computer Science Group, Bielefeld University, 2006
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[16] Working paper on the integration of a Human Oriented Map Representation with a Ground-
ing Based Dialogue Module
Thorsten Spexard, Elin A. Topp, Helge Hiittenrauch, Britta Wrede, Shuyin Li, Gerhard Sagerer
Unpublished summary of ongoing work on localisation and dialogue integration
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Making a Case for Spatial Prompting
In Human-Robot Communication

Anders Green Helge Huttenrauch
KTH School of Computer Science KTH School of Computer Science
100 44 STOCKHOLM 100 44 STOCKHOLM
green@csc.kth.se hehu@csc.kth.se

Human-Robot Interaction (HRI) have raised the interest in
5 detecting and tracking the position of users during
interaction. When the positioaf the user is known, the
robot can plan how to position itseff]|

ABSTRACT
In this paper we present an aysa$ of a set of examples o
how verbal and non-verbal behavior of a service robot
influence users’ way of positioning themselves during
interaction, using conceptsofn theories of non-verbal The research on spatial reasoning applied to robotics is well
behavior. Based on the analysis we propose a design casglvanced but primarily focused on natural language
where a robot utilizes a (naivepatial promptingstrategy  understanding of spatial relations, providing for exchanges
to influence the spatial positioning and communicative concerning locations of objects in the environméht [
behavior of the user.

RESEARCH ON SPATIALITY IN COMMUNICATION
INTRODUCTION There are several research approaches for human-human
A design requirement of a personal service robot is that itthat are relevant for spatial management between humans
should be configured and provided with work tasks by theand robots. Hall 4] studied interpersonal distances and
user in an interactive and intuitive way. These robots aredistinguished four different distanceistimate Q-1.5 ft),
intended to provide service tasks in the home, possiblypersonal(1.5-4 ft), social 4-12 ft, andpublic (> 12 ft).
offering wide range of services. Typically they are These distances vary bothitv respect to the current
envisioned to be equipped with multimodal spoken activity and cultural factors. Another dimension that is
dialogue systems, to reduce the complexity in the usefelevant to spatiality is the concept daérritoriality,
interface. according to Sack, i.e., “the attempt by an individual or

In this paper we argue that theories of spatial positioninggrouD to.affec.t, mfluenc.e,_qr control people, phenomena,
need to be considered when developing the communicativélnd relatlpnshlp.?, by delimiting and asserting control over a
system of the robot. Furtheore we present an empirical geographic area’1f].
account of the way spatial betar of robots influence Kendon 2] also studied the spatial configuration of the
human users. We also propose the tepatial prompting participants, using the term F-formations, for instance the
which refers to active strategies of the robot that arel-shapewhich describes the relation when two participants
intended to influence users to position themselves in a wayhave a common visual focus. The shared space, the so
that is advantageous for further communicative actions. calledo-space or thetransactional spacés then located in
d’ﬁont of the participants, and it is within this area that the
Interaction is conducted. Clark][refers to this space as the
providing adaptivephysical movements of the robot. A workspace where perceptual co-presence is established
between speaker5,[10]. In this context, research on

result of this is that thecommunicative dimensiomnf " d iall isual i |
positioning typically has been ignored in systems thatPErCePlion and especially visual perception piays an

interactively position themselves in relation to their users.'mportant part for maintaining common ground between

One requirement that is typically put forward is that the part|C|pa_ntst_ 10, ff8].t thr:I t[g.]. haf |n\;l¢st|gatt)ed t.he
robot should position itself in &ocially appropriate communicative efiects tha fEmpants ac Ieve Dy using
manner [1, 4. The parameters that concemn these nonverbal behavior, focusing on the functional rather than

approaches are typically deed from research on non- the morpho_loglgal perspective of nonve_rbal_behawor. One

; such function is the categorfocus which is a meta-
verbal behavior. . : ; ; e

discursive function that signals a shift in the center of

In robotics the problem of maintaining the robot localized attention in the discussion, e.g., a shift in body posture with
and situated within a geometric representation of the worldthe same meaning as the utter@ “I am going to focus on
has been framed as the Simultaneous Localization anthis spot”.
Mapping (SLAM) problem 13]. Recent advances in

Positioning, as it has been approached as a resear
challenge for human-robot intection, is considered as



Another, less obvious, but nevertheless important concept iscknowledging this in @) the robot starts moving. The
Schegloff's notion obody torqug15], a state of the bodily robot follows and the user follow the paths depicted in
configuration when two different body segments are Figure 1. In the second phase of the follow sequence the
oriented in different directions. According to Schegldff|[ user has moved to a position that the robot considers too far
Body torque “project change”, i.e., when some part of theaway. Then the robot say%ou are too fast”, which
body is organized in an unstable way, the participants mayriggers the behavior in®): the user turns towards what
predict that a change in posture is pending. For instancecan be characterized as thebot's transactional space
when turning the head, this ghit predict a change of the (according to Kendon1P]) or workspace (according to
general body orientation. During interaction, speakersClark [5]). Then the user starts moving slightly towards the
monitor the action of others, interpreting purposeful actionsrobot workspace. When thelot speaks “Please stand in
that lead towards a commguint goal as compliancel(). front of the camera”, the user quickly moves in front of the
Human-robot interaction is siited in a physical context, robot ©-@), something which may be seen as a Give-turn
where understanding and reference to actions of the humaBody Move (according to Gill9]) that may be seen as a
partner during interaction explicitty needs be taken into display of the users willingness to interag&d][ In other
account. This makes research wrtual collaborative §] words, the user displays her attention towards the robot.
environments interesting also in this context, since it isThe visual attention is aimed at the robot once the user has
concerned with models that explicitly represent spatiality turned around (throughout pha$s@).

and reference.

The first example (Figure 1) illustrates how verbal action

directives influence the physl actions of the user. There
re instances of this type of example in each of the
0 sessions that the corpus covers.

CORPUS ANALYSIS OF SPATIAL MANAGEMENT
We have analyzed a video corpus, collected in a Europea
project [7], containing transcribed data of about 20 user
sessions, (approximately 20 minutes each) where a usH
talks to a robot and teachéésthe names and locations of
objects using a combinatiaf gestures and speech.

By viewing the video corpus we identified and analyzed
instances where the robotowements or verbal actions
appear to influence the actions of the user. The example|
reflect three different ways in which the robot actively
influences the user to act:

e Primary verbal: by using a spoken command

¢ Primary non-verbal: by movements
Multi-modal: using movement as trigger for a
verbally specified (or grounded action)

Legend

@ User

Pl
o
=3
e

Figure 2: An example of a norerbal action triggering user
action, i.e., a stop gesture (the square in the lower image). The

0 00:32:889-00:34:071 R6: Robot is following field in the second image, with ling®inting to the first image,
00:40:603-00:41:744 R7: You are too fast illustrates the movement of the robot platform before the

© 00:44:690-00:46:539 R8: Please stand in front of the camer. gesture is displayed.
00:49:783-00:50:883 R9: Robot is following

Primary non-verbal influence (Example 2)
Figure 1 The user and the robot in a follow sequence. The  aAp example of how the (newerbal) movements of the
dotted lines show the trajectory of the robot and user. robot platform can trigger actions of the user is depicted in
Figure 2. In this case the action triggered is a gesture, but it
could be another action. In the preceding sequence (not
shown) the user has commanded the robot to follow (by

Primary verbal influence (Example 1)
The example in Figure 1 dedosis how the evés unfold as
the user has commanded the robot to follow, after



saying “Follow me”). Then the user sits down and waits asFigure 4 the user has acknowledged that the robot has
the robot is approaching as seen in Figure 2 (upper imagerompleted the task of finding an object (by establishing a
During the approach the user raises the arm and displays @mmon reference to the objeldcated in front of the
“Stop” gesture. It appears as if the robot comes too closerobot). Then the user stoopsid looks into the camera of

perhaps crosses the border betweao@al to anintimate
distance, in terms of Halll§l] or triggers a behavioral
reaction as the robot breacteserritorial border upheld by
the user15].

the robot, while uttering the command: “now go to the
telephone”. Then, when the robot confirms the request by
saying “Going to telephone”, the user changes into an
upright position® (Figure 3).

On the other hand we might interpret the raising of the handEye contact is maintained during the whole sequence. Our
in a “Stop” gesture as an indication to the robot that this isanalysis of this is that the user is attempting to require
an advantageous position for the task at hand, i.e., th¢visual) attention on the part of the robot. We suggest that
“Stop” gesture is displayed aart of a joint goal (according
to [10Q]).

U: ok
U: now go to telephone
R: Going to telephon®
Figure 3: An example of how communicative actions and

spatial configurations of the robot are interrelated in different
modalities.

Multi-modal influence (Example 3)
In the moment that passes hefdhe example depicted in

the moving camera of the robot provides a biomimetic
display that makes the user assume a transactional space
located in front of the robot. In terms of Body torque, the
stooping is a temporary disconfiguration of a posture, and
the change back to the more neutral postu@ ifFigure 3)

is a return to what Schegloff calls a home positit.[In

our understanding, the torque, i.e., the stooping posture and
the user’'s attempt to require contact can be contributed to
the spatial influence of the transactional spd@ §nd the
displayed “eye” gaze of the camera.

A SPATIAL PROMPTING STRATEGY

In the analysis of the scenario we have found examples that
suggest that the robot platio may influence the spatial
behavior, i.e., posture, gaze direction and gesture displays
(e.g., stop gesture). Typically a (multimodal) natural
language user interface thas used for human-robot
interaction is concerned witthe aspects of spatiality that
are encoded in language, such as referencing using spatial
relations (e.g. “behind”, “besé, “in front of X" etc) and
deictic gestures [e.§].

A system that encompassed a model for spatial influence
could providespatial promptsaimed to influence the spatial
positioning of the user, for instance, to ensure an optimal
configuration for further communicative behavior. An
example of such a design is depicted in Figure 4. In terms
of a dialogue system design, we can frame the display of
Stop gesture in the second example (Figure 2) as a system

e

U: Follow me R: <Speed increase> U-gesture: <STOP>

R: Following

Figure 4: In the first image of the sequence, the robot is commanded to follow the user. As
the user stops and the robot approaches the transactional space the raasemis speed

for a short moment. The speed increase_is a spatial priogutded to trigger a response by
the user. A safety feature would stop the robot if no action is detected by the user.



goal, i.e., to reach a stateiirieraction where a Stop gesture
has been displayed to provide an end-point in the robot’s
approach to a position. & requires an internal
representation that considers the movement of the robog
platform (and the user) together with the task state. In the
follow episode in Example 2 the overall task is Follow, but
as the user sits down the robot can be said to Approach the
user. This could be taken into account in the system, for
instance byincreasingthe speed of the robot, slightly in

robot where to stop. It is obvious that a robot behavior like

this raises some concerns in terms of acceptabdljtybjut

the point of this example is merely to illustrate that spatial

prompting is a possible strategy to actively influence the

behavior of the users. We could also imagine an example

when the robot prompts the user to tell when the robot isd.

close enough, e.g., by saying: “say stop” while slowly
approaching.

Examples like these show Wwowe can turn empirical
observations into design proposals. In terms of Body moves
[9], the increase in speed in the example in Figure 4, would
put Focus on the transaati@l space and an obligation on
the user to react and specifyhere the robot should be
positioned — before the safety feature of the robot stops it at

a default distance. Then a prediction could be made, e.g-

based on corpus data, so that the robot could provide a
contribution that is relevant to the predicted task, e.g.,
“Show me an object”, insteaaf “Stopped following” (as it

is obvious to the user).

8.

CONCLUSIONS
We have discussed a set of examples from our corpus of
human-robot interactions arguing that verbal and non-
verbal behavior of the robot actively influence users’ spatial
configuration during interaction. We also provide a scenario
where a robot could utilize a spatial prompting strategy. In
the future we aim to identify ways of spatially influence

users by further analyze corpus data and validate the desi

proposal by implementing spatial prompting strategies to be
tested on a robot platform.

ACKNOWLEDGEMENTS

6.

a user study. In IEEE Workshop on Robot and Human
Interactive Communication Ro-Man2006, Nashville,
USA, pp. 164-171.

. Skubic, M., Perzanowski, .DBlisard, S., Schultz, A.,

Adams, W., Bugajska, M. and Brock, D. (2004). Spatial
language for human-robot dialogs, IEEE Transactions
on Systems, Man and Cybernetics, Part C,, vol.34,
no.2pp. 154- 167.

order to prompt the display of a gesture that shows the4. Walters, M.L., Dautenhahn, K., te Boekhorst, R., Koay

K. L., Kaouri C., Woods, S., Nehaniv, C., Lee, D. and
Werry, |. (2005) The Influence of Subjects’ Personality
Traits on Personal Spatial Zones in a Human-Robot
Interaction Experiment. Proc. IEEE Ro-man 2005, pp.
347-352

Clark, H. H. & Krych, M. A. (2004). Speaking while
monitoring addressees for understanding. Journal of
Memory and Language , 50(1), 62-81.

Gergle, D., Kraut, R. E.and Fussell, S. R. (2004).
Action as language in a shared visual space. In
Proceedings of the 2004 ACM Conference on Computer
Cooperative WorkChicago, lllinois, USA, November
06 - 10, 2004). CSCW '04. ACM Press, New York, NY,
487-496.

Green, A., Hittenrauch, H., Severinson Eklundh, K.
(2004). Applying the Wizard-of-Oz Framework to
Cooperative Service Discome and Configuration In
Proceedings of IEEE Ro-Man, September 20-22, 2004,
Kurashiki, Japan.

Emery, N. J. (2000). The eyes have it: the
neuroethology, function and evolution of social gaze.
Neuroscience & Biobehavioral Reviews, 24 (6), 581—
604.

9. Gill, S.P., Kawamori, M., Katagiri, Y., Shimojima, A.

(2000) The Role of Body Moves in Dialogue. In RASK,
April 2000, pp. 89-114.

.Clark, H. H. (1996). Using language. Cambridge:
Cambridge University Press.

11.Allwood, J., Nivre, J., and Ahlsén E. (1992). On the

Semantics and Pragmatics of Linguistic Feedback,
Journal of Semantics 1992 9(1):1-26.

The work described in this paper was conducted within the1 > Kendon, Adam. (1990). Conducting interaction —

EU Integrated Project COGNIRON ('The Cognitive Robot
Companion' -www.cogniron.ory and was funded by the
European Commission Division FP6-IST Future and
Emerging Technologies under Contract FP6-002020

REFERENCES
1. Alami, R., Clodic, A., Montrail, V., Sisbot, E. A., and

Patterns of behavior in focused encounters. Studies in
interactional sociolinguistics. Cambridge, NY, USA:
Press syndicate of the University of Cambridge.

13.Smith, R., Self, M, and Cheeseman P (1986) Estimating

uncertain spatial relationgls in robotics. UAI 1986:
435-461

Chatila, R. (2005). Task planning for human-robot 14. Hall, E.T. (1966). The Hidden Dimension: Man's Use

interaction. In Proceedings the 2005 Joint Conference
on Smart Objects and Ambient intelligence: innovative

of Space in Public and Private. The Bodley Head Ltd,
London, UK.

Context-Aware Services: Usages and Technologies15.Sack, R.D. 1(986). Human Territoriality: Its Theory and

Grenoble, France.

History. Cambridge: Cambridge University Press.

2. Pacchierotti, E., Christensen, H., and Jensfelt, P.16. Schegloff, E.A., (1998). Bly Torque. Social Research,

(2005). Embodied social interaction in hallway settings:

65:3, 535-596.


http://www.cogniron.org/

Measuring Up as an Intelligent Robot — On the Use of High-Fidelity
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Abstract—In this article we describe and discuss how Hi- this behavior should be like, i.e., formulated as a research
Fi simulation methods, or Wizard-of-Oz [25], can be employed challenge:
in a user-centered approach to develop natural language user . . ) .
interfaces for robots with cognitive capabilities. By actively « What are the requirements for the interactive behavior
shaping the system both in terms of technology and in interface of a cognitive companion?
design the interest of both users and designers are involved in . . . .
the process as stake-holders. We have analyzed two different This research challenge is not as straight-forward as it may
simulation studies performed sequentially with different foci, seem. First of all the term “cognitive companion” is not
but within the same overall scenario. The data obtained from well defined, but if we use the scenarios defined in the
Hi-Fi simulation studies is to a large extent qualitative, but Cogniron project as a definition we end up with a system that
data can also be used as a resource to be used for component . . . .

should have the ability to use vision and audio to perceive

development, e.g. as training data for speech recognizers. The . . - .
collected data may also be used for quantitative evaluation and understand its environment, to engage in a continuous

depending on the experiment design. process of acquiring new knowledge and skills to learn tasks
from users by interacting with them. The robot also needs
l. INTRODUCTION to exhibit socially acceptable behaviors [1].

The creation of an interface for an autonomous robot is
to some extent a very different undertaking than developing
a graphical user interface for software application for the
standard desktop computer.

In the European Cogniron project [1] robots with cogni-
tive capabilities are investigated from different perspectives.
The overall aim of the project is not to produce a single
robot, instead several scenarios that explore and demonstrate
different types of capabilities are investigated. '

In this article we describe and discuss how Hi-Fi simu-
lation methods, or Wizard-of-Oz [25], can be used in the
research on human-robot interaction, where the specific aim
is to explore and investigate interaction models for robots
with cognitive capabilities. We have chosen to work with
Hi-Fi simulations because we are dealing with technology
for which users have very vague ideas, i.e, there are no cog-
nitive service robots available on the market. Instead users’
conceptions of service robots with cognitive capabilities are
formed from how robots are presented in popular culture.
Not even designers, i.e, roboticists, interface designers amgl. 1. The robot used in the two user studies in a scene from the first
usability experts etc, can fully predict in what manner thescenario.
robotic artifactthey are creating will be used and accepted.

Maulsby et al [27] noted that “playing the role of an agent” The rest of this article is outlined as follows, first we
enabled the designer to get an in-depth understanding of whagscribe the Wizard-of-Oz methodology and how this is can
type of actions the system needed to provide. This is aldee used in user-centered approaches to design of human-
appears to be the case for human-robot interaction, thus mbot interfaces. Then we describe, compare and discuss two
order to understand how to design the interactive behavior dfifferent studies that explore the theme of the “Home tour”

a cognitive companion robot we need understand the whatenario.




A. Wizard-of-Oz methodology of the product, e.g, mock-ups [9], [14] and scenarios with

High-fidelity simulation, or Wizard-of-Oz simulation, is synthetic dialogues [17] are of great interest in order to
a methodology used for simulation of high-level functionsinform design. When more mature prototypes have been
in an interactive system. The general idea is to simulaténPlémented standard methods for usability evaluation [22]
those parts of the system that require most effort in terms &@n be employed in order to ensure that the desired usability
development (like a natural language understanding modulgpals are met [_8]- _ _ .
or to assess the suitability of the chosen metaphor. One of theBY now, the interaction model for a graphical user inter-
most common uses of Wizard-of-Oz is employed for findinf@ce has become a de facto standard, and is thus known
out how users treat a system that uses natural |anguagetgsvirtually all users. The interaction model for a robot,
an interface. however, is presented to the user agabula rasa both

Wizard-of-Oz simulation methodology in its classicalin terms of lack of knowledge to predict the behavior of
form, i.e., where one user interacts with one (desktop)iterface components and the type of tasks that the robot
computer in a lab environment, has been used since ti§&n perform. Normally a product that is released to the
1970s. The term itself was first used by Kelley [25] twomarket has undergone several iterations of design and re-
decades ago. Malhotra [26] used the method for simulatioR€Sign. This process may be of lesser or greater complexity
of natural language expert systems. The method has aldgd the methods and work practices of may differ. However,
been used for simulation of database question answerigtven the fact that we in a sense are developing a “product”,
systems [7], [27] and uni-modal speech interfaces [3], buf/€ May .stiII employ methods from user-centered software
also for development of multi-modal interfaces [29], [30],€Ngineering.

[32]. By employing a user-centered approach we implicitly

The starting point for a Wizard-of-Oz study involves the@ccept that we are not only observing The process of
construction of a prototype where some features of théeveloping the user interface, e.g., by taking on the role of
system are for real and where some functions are simulat&yaluating system and human performance along the lines

by one or more operators who control the system’s action@f [35]. Instead we are actively shaping the system both in
and responses. terms of technology [36] and in interface design [14], [20],

A classical setup is to put a user in front of a desktofence both users and designers have a role as stake-holders

computer in one room and an operator, a wizard, in anothép this process. Thus we need to identify values that we aim
room. The user is given a scenario by a test leader; a sé support with our systems [12], as well as to understand
of tasks to solve using the novel system and the interactioi8at we as researchers are part of the process [4] and not
between the user and the system are recorded. Since tR€rely evaluating a system that has been created by others.
user often is unac_quamted with systems of that part|qulf_a(5_ Hi-Fi Simulation studies of Human-Robot Interaction
kind, e.g. speech interfaces, or the task, the characteristics ) )
of the setup are that of a kind of a role-play, where the user In the Human-Robot Interaction domain there are some
tries to engage and act within the given scenario. Once trompelling reasons for performing simulations rather extract-
experiment is started the user is allowed to interact with thi'd data from human-human communication.
system in the same way as if the system was for real. In many of the envisioned scenarios human-robot com-
The wizard acts as the system’s high-level reasoning]unication is focused on communication about topics that
component responding to the users actions. During th@e already known to the participants during conversation,
experiment the test leader may intervene if the user gets intBaking it unnecessary to address these explicitly using
trouble related to the use of the (simulated) system. Aftespeech during the execution of a task. First of all there is
the user has completed the scenario the test leader normaliiie matter of the task that the robot is performing. The tasks
performs some kind of post session interview. At the end gihat we address the robot with are either simple or focused
this interview the test leader briefs the user that the systeR? domains where explicit verbal instructions are rare or
was in fact simulated and asks permission to use the da@ly sparsely used by humans, but seem very important for
that has been collected during the experiment for researdRPots. For instance, explicit negotiation of easily understood
purposes. If the user does not give his/her permission tH@sks (e.g. fetching an object from a known location) [17],
recordings are noted as unanswered and the data media@Rd communication concerning detection of humans and
erased. If there is some kind of reward to be given to thdescription of routes [13]. Secondly, even in scenarios where
user this will be handed over irrespectively of a negative ofobots are intended to replace people, in dirty, dangerous

positive reply to the request to use data. or distant environments, the work allocation between actual
) workers and robots may differ (see [6] for an example of
B. User-centered design process extreme use). This means that the conversation between field

Hi-fi simulation is to a large extent a method that providesvorkers, like divers or rescue workers would probably be
gualitative data on human-robot interaction. Hence, we seedff little direct use to when developing modules for spoken
as primarily important in the very early stages of the desigfuman-robot communication.
process. During the early phases of the system developmentWe may also perform simulation studies in order to
methods that can be used to communicate the intended useestigate hypotheses concerning general aspects of human-



robot interaction, such as social behaviors, e.g, studies &f Validity of Wizard-of-Oz simulation

spatial positioning [40], [41] and collaboration [21]. Sometimes the Wizard-of-Oz method is criticized for
As a method Hi-fi simulation supports a wide variety of ot providing necessary data for evaluating practical
activities where designers and users increase their “”d?ﬁ‘alogue.Wizard-of-Oz methods typically fail to involve
standing of a future system. According to [15] these activitiegsers that bring real tasks to the system [23]. This should be
can be categorized along the dimensions try-out, training anthen, in contrast to what is generally believed, namely that the
testing: Wizard-of-Oz method is an open-ended method for collection
« Try out and conceptualize design ideas., to rapidly  of data on user behavior. Allwood and Haglund [2] have
set-up and perform formative studies in order to cONnoted that the wizard operator acting a scenario is involved
ceptualize and try out new ideas for the interface thaf, roles on different levels. Thus the researcher role involves
is being developed. acting as a system (wizard operator) and during sessions the
« Training and educationi.e., to train natural language \izard can take on different communicative roles like the
components such as speech recognizers. It also providgsnder role, the receiver role etc. Bell [5] notes that in a
an opportunity to educate interface designers by lettingask scenario, like a travel agency dialogue, the wizard not
them to take on the role of the system [27], and therebyp|y acts in a system role but in the role of a travel agent.
increase their understanding of the task. In reality the behavior of people acting in a real situation
» Testing, evaluation and study of usesing standard may pe quite different from what people do in a simulated
usability methods for the type of interface that is beingscenario even if the user believes that she is interacting with
evaluated, for instance using the “Common metricsy reg| system.
approach according to [35] or evaluation methods that \when simulating a multi-modal system with many differ-
are especially targeted for natural language user integnt ways for the user of providing input the cognitive load
faces, e.g., PARADISE [39]. Last but not least, Weof the operators increases. There is sometimes a mismatch
include the study of systems in realistic usage contextgetween what needs to be simulated and what suits the cogni-
i.e, observations that can be analyzed to increase oWfe and perceptual abilities of the wizards. This phenomenon
understanding of human-robot interaction in general. \yas pbeen noted by Fitts [10] who proposed a list describing
I1. WIZARD SIMULATION STRATEGIES what people do better than machines and what machines do
éJetter than people In a simulation scenario, the problem
epf function allocation is twofold. First of all we need to

are aiming to collect and how it should be analyzed. WheﬁonSider the characteristics .Of the system we are simula.ting

we are simulating an autonomous robot with the ability toand secondly we need to _thmk about the fun_ct|on aIIoca_tlon

communicative in natural language we have identified a S%the system we are using for the simulation. Following
S

When employing Hi-Fi simulation techniques, such a
Wizard-of-Oz, we need to establish what kind of data w

of dimensions, in terms of behaviors and appearance, alo eridan [33] we see may see Fitts’ List as a set of accepted
i ' atements making up the foundation for how to reason when

which the system can vary: o . . . .
N . . designing function allocation. According to Fitts people
o Degree of system realism: Are we going to simulate

AU . re better than machines at detecting small changes in the
a 'realistic” system? We must decide to what extent . s o - L
. . ) environment, perceiving patterns; improvising, memorizing,
we are going to simulate system behavior so that the o T . .
L ) . aking judgments and reasoning inductively. Machines are
appear as realistic to the user. For instance, if “WBetter at responding quickly to signals, applying great force
are simulating navigation capability we need to assure P 99 y 9 » applying g '

that the wizard does not “equip” the system with aitonng and erasing information and reasoning deductively

L . . [33]. It is therefore important that we consider the strengths
navigation system that is able to plan ahead, seeming . 0
. . . o nd weaknesses of machines and humans when designing
inferring the intent of the user. Hence it is important to

provide a set of constraints that bring some realism intce)1 nd planning Wizard-of-Oz setups.

the situation of use. This is what Maulsby [27] refersgthical considerations

E) being ftrue tlo thte alg;]orltgm . A ing 1o Si The use of the Wizard-of-Oz method provides a possible
+ Degree of exploralory Ireedom. Aré we going 1o Slm'ethical dilemma for the researcher, since in the classical

umlatde aclcord|r;E.tO d"?m algonthm ? Demsrl‘ortﬁ that are?netup, the user is led to believe that the system is a real
w: sehc?u?ggallo:/?/ a'”éiﬂ?'?gte?onffs;n avr\1/ deefrlo?;ticg achine. When the truth is revealed afterwards, the test-
interaction style, or if we Ehoulﬁ restrict the tars)k leader normally asks for the_ permission to use the. data.

. Behavioral mimi’cry' how "natural-like” should the sys- _There are a number of studies that use decepthn; in fact
' it seems that the use of the term Wizard-of-Oz is always

.tem be in terms of appearance and mteracpve k3ehav'o,,r(§0nnected to the practice of deceiving the user. Fraser and
i.e, to what extent should the system imitate “nature

. ) Gilbert [11] have argued against deceiving users on ethical
in terms of appearance (e.g, using close resemblan

with nature [31]) or interactive capability, e.g, allowing founds. This ethical dilemma might be solved by telling the

. ) : ' user that the system is simulated, making the setup part of
for a conversational style of interaction that is close to y 9 PP

human capability. 1The so-called MABA-MABA list.



the role-play. The validity of the results from a study that[36]) was evaluated both in terms of interaction and from
is performed in this overt fashion may be questioned bua technical point of view. In the following we will compare
this is dependent on the purpose with the study. Dahlback #te set-up and the result of these studies. An overview is
al [7] argue that for some aspects of dialogue, like the typgiven in the Tables | and II.
and frequency of anaphoric references, it is important that The general purpose of the first study was to evaluate
users are deceived rather than engaging in a role-play type afh extended dialogue model based on [19], [38] in order
scenario. We should note that the work by Dahlback [7] antb provide a rich set of data for further analysis of human-
others in the late eighties was mostly done with systems thaabot communication. The first study was primarily aimed
used text input. For spoken scenarios role-playing has be@h exploration and not formal hypothesis testing. We did
considered useful in multi-user scenarios [24] and elicitatiomowever put down a list of things that we believed that users
of error handling strategies [34]. Human natural languag®ould do in different situations during the study in order
performance is automated to a great extent and therefore igure out what the wizards should do with the aim to provide
may assume that phenomena on the low-level like syntag, consistent behavior throughout the session.
and vocabulary used probably are little affected by the fact In the second study, which can be characterized as a pilot
that the user knows that the system is simulated or not. study, the general aim was slightly different. We still have an
However, using the Wizard-of-Oz method in the classicalgxplorative purpose based on the assumption that individuals
deceptive manner, ensures the illusion of speaking withave different preferences and strategies for how to present
a computer. In a non-deceptive Wizard-of-Oz study, thigheir everyday environment. The second study can also be
illusion might be broken, something which may have arseen as atechnical test of a way of represent the environment.
adverse effect on the result. However, it seems strange tdsing the notion of MacNamara [28]) we assume that
use made up scenarios and role-play while maintaining thadividual strategies are based upon a common psychological
standpoint that we should deceive the user to the extent thegpresentation the meaning and conventionalized use of the
the system is in fact real. In our view is that it is still anterminology that describe users environment. Thus, during

open question if deception is really necessary? the sessions, we use the communicated concepts to annotate
the environment representation (i.e., nodes with the types lo-
[1l. STUDYING THE “HOME TOUR SCENARIC cation or region). This means that the role of the wizard is to

The two studies that we are discussing in this paper botfecide whether the communicated concepts, e.g. phrases like
stem from work that is performed in the context of the’kitchen” and "my office”, can be categorized as locations
European project Cogniron [1] where a set of scenarios had'd regions according to the environment representation.
been defined. In the scenario we have worked with primarilyStudy two thus aims to answer to questions:
the user gives the robot a “tour” of the environment: « What strategies are used by individual userptesent

In this experiment, a robot discovers a home-like the environment?

environment and builds up an understanding of o How can the information given by users be incorpo-
it and of artifacts in it as taught by humans. rated in a representation that can be used as a shared

This process is open-ended, i.e., it has no com- represeptatlon. ) o .
pletion: the robot continues to learn as it faces Both studies can be characterized as Hi-Fi simulations,

new situations. A human shows and names specific the first study was performed as pure wizard study, i.e, users
locations, objects and artifacts, to the robot. The were not informeq that the system was controlled by a wizard
robot can engage in a dialogue in case of missing pperators. The wizard operators were not comple’Fer hidden,
or ambiguous information. instead the users were told that they were “technical support

This scenario can be characterized as kind of Co-0 erativséaﬁ" that “monitored the experiment’,
P When there are two wizard operators it is necessary to

Service Discovery and Configuration, stressing the way thg

- ST . arefully consider the task allocation between wizards and

user and robot is intended to engage in a joint effort to inform . . '
. to support their collaboration. In the first study there were
each other of relevant knowledge about the environment. Tr}e

A WO wizards, one controlling the dialogue (communicator)
central themes that the scenario aims to address concerns %’?d one controlling the movements of the robot (navigator)
main types of information to be jointly discovered by the us )

) ®The wizards stood close together during the session to
and the robot: : .
_ ) ) _ ~support contextual awareness, meaning that they easily could
() the artifacts present in the environment (e.g. objectget a glimpse of what the other wizard was doing while

and locations) and, concentrating on the task. The setup can be seen in Figure 2.
(ii) the actions that the robot can perform related to0 |n the second study the users were informed that the
these artifacts. speech system was controlled by the accompanying operator.

The two studies that we discuss in this paper explor@&/hereas the first study was performed with 22 invited users
two key concepts. We have already introducsabperative- (undergraduates from our campus) and thus did not know the
Service Discovery and Configuratierhich can be viewed as environment, the 5 users in the second study were all staff,
an abstraction of the scenario described above. In the secofailiar with the lab environment. As familiarity with the
study the notion of Human-Augmented Mapping (HAM,environment was a requirement depending on the research



guestions posed in the second study lab staff was chosen.dhowed the user how the robot worked by giving a small
future studies we aim to move the robot to an environmerdemonstration.

outside the lab so that users that have little experience with The robot had a dialogue model that accommodated for
robotics can be studied. the actions:

The first study was performed in a single room in our
lab (Figure 2), furnished like a living room to provide a
home-like character. The second study was performed in a
significantly larger environment, i.e., a whole floor of our lab
comprising about 20 rooms (offices and common areas like
kitchen, meeting room and printer area).

« Greeting, e.g., phrases like "hello” and "my name is
john”.

« Follow, e.g., phrases like "follow me”

« Demonstration, e.g., referential phrases and gestures
like "this is an orange” + pointing gesture.

« Validation, e.g., phrases like "find the orange!”

For the second study the robot used two different ways
of giving feedback on users’ input, dependent if the user
provided information for labeling docation or a region

E Thus if a location, e.g., "coffee machine” or "door to” a

region was presented by the user the robot would not move

_ ' [ and immediately state that it had stored the location. If a
j region, e.g., "kitchen”, "my office”, was presented, the robot
would state that it needed to "look around” and make a full

360 degree turn, before confirming thatregion had been
stored. The role of the wizard in was to select which behavior
to use based on the wizards understanding if whether the
concept used by the user could be interpreted as referencing
a location or a region
= .
L Users were told to use commands, i.e., follow rge,
(6, ©® H to (targeb, stop, turn(left/right), to control the robot and
' referential expressions likdis is (term) together with deictic

Iil || gestures. No terminology that could be directly related to the
[ = concepts tested was mentioned to the users, lecation,
region, placeetc. Instead phrases liReverything, that you
Fig. 2. Map showing the single room used in Study 1 think the robot needs to know#as used to guide the user.
Since a real follow behavior was used special instructions
a) Robot appearance, behavior and instructions tovas needed in order that the system would be able to track

users: In both studies we used an ActivMedia PeopleBoﬁnd follow the user (i.e., the user had to move about 1 meter
equipped with an on-board pan-tilt-camera (see Figure 1. [ make the robot start following).
the first study the robot also was equipped with visible stereo  b) Data collection setup :n the first study we could
microphones. collect data in a fairly controlled manner using a video
In the first study, in terms of behavior the movementgamera placed in the location of the users. We also had
(navigation and camera movements) of the robot was coiveb-cameras placed in each corner of the room. Mounted on-
trolled by one wizard and the speech output was controllefioard the robot an audio recorder captured high quality stereo
by another. Since we were aware that a real robot navigaticipund. Data from the laser range finder was also stored.
component would make the robot behave in a specific way During the second study we used a hand-held camera
we tried to mimic this behavior as far as it was possible. Imnd on-board camera to capture the “scene” of the user
the second study a real follow behavior was used to solve alind the robot acting together in the environment. Since the
tasks, except for error recovery, which was performed overtlgnvironment comprised over twenty offices and common
as tele-operation. areas (e.qg, kitchen, printer area) we could not cover the whole
In terms of interactive behavior the first study was morearea with web cams or sensors.
focused on providing a coherent and consistent dialogue In both studies we administered a questionnaire and inter-
behavior, i.e., the dialogue wizard tried to follow an “al- viewed the users after the end of the trial. In the first study we
gorithm” using the terminology by [27]. Hence the subjectsasked the users about who was controlling the robot before
received instructions with clear examples of how they couldhforming them about that they had been involved in a wizard
use the system. Our goal was not to test the system "study and asked again about their willingness to participate
the wild” without informing the users about how the systemgiven this new information. No user had any objections once
was intended to work. Instead we very much instructed theve had revealed the truth and explained the reasons for our
users so that they would be able to use the system. Hen@®nduct. In the second study the subjects were informed
the instructions were intentionally clear with exact phrasingthat the system was partially simulated. The post-session
The navigation wizard, who also acted as the test leader, algterviews in the second experiment also included a sketch




Study type

Study 1: Single room

Study 2: Multiple rooms

Purpose

Type, size of study
Key concept

Type of subjects
Environment

Interaction

Data collection and exploration of intera
tion strategies related to a specific dialog
model [19], [38]

Explorative, 22 subjects (20+20 min)

C-Investigate interaction strategies used by indi-
ueidual users tgresentthe environment

Pilot-study with 5 subjects (20+25 min)

Co-operative Service Discovery and ConfiguHuman-Augmented Mapping (cf. [36])

ration
Undergraduate students

Single “living room”

TABLE |

Staff that knew their environment
20 rooms + kitchen

GENERAL PURPOSE AND SETUP OF USER STUDIEISAND 2

Study 1: Evaluation of Dialogue model

Study 2: Presentation strategy

Robot behavior and ap-
pearance

Instructions

Wizard-status

Number and role of wiz-

Dialogue model accomodating tasks: greet, fofwo behaviors: show (acknowledge) and show

low, show (object, location), validate, close

(look-around)

User were provided with a written instruction Users were told to use a small set of commands

with examples. Testleader gave a demons
tion.

rand gestures

Users were informed about the role of robotPure wizard — user were told that wizard was

operator

an operator

Two wizards (navigator and communicatgr)One wizard accompanied user/robot

ards
Data collection setup

behind a screen (cf. [15])

« Video camera (overview). Onboard stereo e
audio (robot perspective).

Hand-held camera (overview) / onboard
camera (robot perspective)

o Network web cameras in each corner. « Questionnaire
o Questionnaire « Post-trial interview (scripted)
« Post-trial interview « Sketch session
Type of data
« Single audio/video track (Mini DV) « Two video tracks with audio (Mini DV)
« Web-cam images~( 1 fps) « Notes from interviews
« Data from laser range finder « Data from laser range finder
« Stereo audio (22 KHz) « Environment representation
« Notes from interviews « Questionnaire data
« Questionnaire data « Video from sketch session (Mini DV)

TABLE I
INTERACTION DIMENSIONS OF USER STUDIES AND 2

session where the user was instructed to draw a map on aWe found miscommunication that could be attributed to
white-board and explain how they had instructed the robotthe users’ erroneous inferences about the system’s capability.
For instance, users tried to hold up objects in front of the
camera. This was considered to be an error according to the

. task model and an a repair was issued by the communicator
Several analyses have been performed using the d% rd P y

collected. An analysis of the communicative acts have been

made and reported in [16]. We have also studied the role of We also noted several types of problems related to feed-
posture and positioning [20] and active spatial influence oback in our data. Providing relevant and timely feedback
the part of the robot [18]. essential to maintaining an orderly and well managed dia-

We performed an analysis of the miscommunication usintpgue. We have identified problems related to timing, i.e.,

the video recordings from the first 12 user sessions. Theseedback isill-timed, something which may render it inco-
were transcribed and synchronized on the utterance levédierent. Another problem that occurred in the material was
We then printed out all dialogues and analyzed them bilack of feedback, i.e., the robot does not respond to the
marking utterances that could be interpreted as symptomser’s contribution before the user decides to make another
of miscommunication. contribution. Overlapping speech was also a problem in the

A. Findings from the studies



corpus, i.e, the robot should have stopped the synthesizethce the early work on screen-based applications [7], [25]-
speech when the robot started to speak, something whi¢a7]. The dimension of collaborative behavior has always
lead to misunderstandings. been in focus of wizard-of-o0z studies for natural language
Another problem that can be described as an effect of thaser interfaces. For human-robot interaction the situated use
modality is miscommunication related to reference. In the&ontext is in focus, i.e, the human and robot share the same
manner the system was simulated we allowed for a "robus€nvironment and partially share the same perceptual context.
object recognition system, meaning that the system would Since a robot system allow several degrees of freedom
recognize any object given that it was small enough anthe manner and ability for the wizards to control the robot
placed on a flat surface. The information can be said to hawgystem almost becomes research topic in itself. It is clear
been negotiated, but since there is no pointing capabilitihat to some extent we need to assure that we do not spend
apart from the general direction indicated by the front robomore resources on building a simulation environment than on
and the on-board camera, there is no way of indicatinguilding the real system. The use of a real robots also makes
precisely which object has been detected. safety issues come in focus, hence we need to assure that
Results from the second study have been reported in termage can maintain safety during the sessions. We also need to
of a technical evaluation of the environment representasheck that the more formal aspects of user studies, i.e, make
tion [37]. The strategies employed by the users were vergertain that legal and ethical issues are compatible with the
different and no convergence in behavior could be establishdgpe of studies we will perform (see Walters et al [40] for a
since there were only five subjects. The observed behaviogpecific example from the UK).
still need to be taken into account when constructing future

systems. Some of the phenomena are provided below to give _ _ _ _ ) o

. Users’ personal view of the environment affects the Waafmulatlon studies can be used in the process of developing

V. CONCLUSIONS

it is introduced to the robot, e.g., a person not drinkin n:ierr?ctltve;iservv:lti:ltla rcr)b\;)i;tjs. \évr:en garetftéliz crier?;gned, ?lmuf—

coffee might not mention the coffee maker. i? r(r)1 nsrubetsint ; ption ti? t\i‘/a If:il Otlrjl wi € eb isafcins l:())l

« Persons were pointed out to the robot as offices (withu han-robotinteraction that woud otherwise be unattainable
il large effort had been spent on the creation of a working

nts in them) wer .B nders th .
;)hcec l:gs O;ESW erte E':\I s)o peoiitgszSS by %sr':g S seef that passplérl?(})totype. Thus, the data that we get from a Hi-Fi simulation

« Locations pointed out reflected an action oriented viev?tUdy Is o a large extent qualitative, but we may also collect
of the environment, i.e., a coffee machine is mentione&iata as a resource to be used for component development,

as a place where the robot should get coffee, but th .g. as training data for speech recognizers. We may alsoluse
. . . the collected data to perform quantitative evaluations using
kitchen is not mentioned, different standard methods [35]
« Doorways were pointed out by subjects with knowledge - : .
y P y ) 9 The type of data we can get a wizard-of-o0z type simulation

about robot navigation study ranges from collection of data that can be analyzed in
« After giving the follow-command, the users stood still ", y rang y
Sd|fferent ways.

and waited for the robot to move, something which wa ) _
not anticipated. Hence it needs to be equipped with an * Data on language use and task strategies, especially

active way of prompting the user to move (i.e., perform  SPatial language (including gesture and speech) can be
an act ofspatial prompting[18]). analyz_ed yvlth methods from _psychol_ogy, linguistics etc.
« Visualization of the whole interaction to enable the
IV. DISCUSSION designer to conceptualize what the system could or
should do in different realistic situations.

When looking at the two different studies in a bird’s Y
. . ) o Assessment of users’ attitudes towards a future system
eye perspective, the generic aspects of both studies can

. . r towards r in general.
be contributed the context of use provided by the overall or towards O?Ot_s genera
scenario, the Home Tour: In the future our aim is to evaluate systems where tasks that

. now are handled by wizard operators gradually are replaced
» The use O.f natur_al Iangu_age using s_peec_h and gestur\%h real components. To succeed with this we need investi-
« The initiative during the interaction lies with the user ,Qate how we can provide a system whianbe managed by
« The behavior of Fhe 'robot mflyences the. user bOth, Iwizards, while providing the necessary exploratory freedom
terms of communicative behavior and spatial adaptatloqor users together with requirement of an appropriate degree
In some respect the different foci of the studies affect thef system realism.

way studies have been setup. When mobility of both users

and systems become a topic for investigation, the complexity VI. ACKNOWLEDGMENTS

of setting up the scenario increases, something which have The work described in this paper was conducted within

an effect the way data can be collected. the EU Integrated Project COGNIRON (‘'The Cognitive
Clearly the wizard-of-oz framework can be employedRobot Companion’ - www.cogniron.org) and was funded

successfully for simulating a full fledged interactive robotby the European Commission Division FP6-IST Future and

system. There are several dimensions that have been addederging Technologies under Contract FP6-002020.
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Abstract
This paper describes the development process of a contextualized corpus for research on Human-Robot Communication. The data have
been collected in two Wizard-of-Oz user studies performed with 22 and 5 users respectively in a scenario that is called the Home Tour. In
this scenario the users show the environment (a single room, or a whole floor) to a robot using a combination of speech and gestures. The
corpus has been transcribed and annotated with respect to gestures and conversational acts, thustmangatation We have also
annotated or linked other types of data, e.g., laser range finder readings, positioning analysis, questionnaire data and task descriptions,
that form the annotatedontextof the scenario. By providing a rich set of different annotated data, the corpus is thus an important
resource both for research on natural language speech interfaces for robots and for research on human-robot communication in general.

1. Introduction

The purpose of this paper is to describe a corpus which is
used in the research on cognitive robots in the European

. . . . AV
project Cognirof. We will also describe the development 25 1ps m ann?;fons
process and challenges involved when collecting and anno-

L . 48 kHz board st Speech G
tating the corpus, and the way we are able to contextualize fongond e 20l [ owe |
the different types of data. One important aim with the cor- Media Context

pus is to support the development of natural language user —I

interfaces for a robot with cognitive capabilities. e
We are striving to collect data from many different sources Rasiion

in order to be able to provide a rich context for the modal- .
ities that are used for interaction in order to provide means 1Hz TaEs
of analyzing the data from different perspectives. Thus we (onboard)

have annotated communicative actions: speech and gesture | su | | Laserranger
and other actions related to the task and spatiality: data on —
positioning of users, objects and locations. This should
be seen in contrast to the corpus developed by Maas and

Wrede (2006) which focuses on capturing higher dialogue
structures (i.e., topics) that emerge during human-robot in-

teraction. Both efforts are in the |0ng rU-n aimed to enableobser\/aﬁons of user behavior, e.g., gaze behavior7 to evalu-
users to train the robot to perform a wide range of tasksate human engagement in interaction (Sidner et al., 2004).

that are not preprogrammed — using a multimodal style of

interaction. So far we used our corpus in the design process 2. General scenario for data collection

to evaluate the system f“’”."' a usabilit_y p(_erspective (Greeq.he current version of the corpus contains data collected
et al., 2004), to analyze m,|scor_n_mu_n|cat|9n (Green et al'1‘rom two user studies (Green et al., 2004; Topp et al., 2006)
2006) and to analyze users positioning (Huttenrauch et al'that have been set up in order to explore user behavior in a
2006) and task strategies. scenario that can be characterized as a “Home Tour”. In

the scenario the user and robot move around in a home-like

1.1. Related research . . : .
o ) ] environment and the user names objects and locations using
There are initiatives to collect corpora for multimodal inter- 5 combination of speech and gestures.

faces (Knudsen et al., 2001; Schiel et al., 2002) but few thatrhjs scenario can be characterized as kind of Co-operative
are targeted for robotics (Bugmann et al., 2001; Bugmannseryice Discovery and Configuration (Green et al., 2004),
et al., 2004; Wolf and Bugmann, 2005). Koide et al Koide stressing the way the user and robot are intended to engage
et al. (2004) have collected and analyzed interaction statisy, 5 joint effort to inform each other of relevant knowledge
tics to investigate human reactions to specific robot behavypgut the environment. This means that the user is able to
iors (Koide et al., 2004). Other uses of corpus data includeyjscoverwhat the robot can do, and is abledonfigureit
by actively providing information about the environment.
Lwww.cogniron.org In the studies described in this paper the user can specify

Corpus media Annotations

Time Aligned Annotations

|

1-2Hz Web cam

distance view

]

Figure 1. An overview of the corpus



names of objects and locations. But in a longer perspectivetechnical setup and making “online annotations”. During
the user should also be able to interactively specify the taskghe trial there were three researchers present; one acting as
the robot can perform related to these locations and objectgest leader/navigator; one acting as communicator; and one
In the home tour scenario the user is to guide the robot in aracting as observer. During the setup the observer was posi-
environment containing different objects that could poten-tioned in one of the sofas taking notes.

tially be recognized by the system. Thus the main task forAfter the introduction the subject signed an agreement giv-
the user is tantroduce herselfo the robot and tshow it  ing consent to storing of personal information. The instruc-
objects and locationsTo move the robot around a follow- tion to the user was first of all provided as demonstration,
behavior is used to position the robot during the task. Towhere the test leader addressed the robot, made it follow
collect data and explore the character of such an interacfi.e. by saying “follow me”); showing it an object by point-
tion we designed and set up a tele-operated robot systetimg and saying “this the green book”). Then the test leader
that could be used to perform a Wizard-of-Oz simulation, acommanded the robot to get back to the starting position
technology that has been described in more depth by, e.ghy saying: “go to the recharge station”. The user was also
Dahlback et al. (1993). given a written instruction describing the task and principal
The robot we used for the trials was a ActivMedia People-services the robot could perform:

Bot (Figure 2). The pan-tilt camera mounted on the rObOtTask: The user was instructed to use the available dia-

was moved by the wizard during the sessions so that it apfogue capabilities to teach it objects and locations that were

peared as looking at the things that were specified by th‘aepicted on the back of sheet of paper they were holding.
user.

Following: The follow behavior was described to the user
by providing an explicit example of what to say, i.e., “Say
'Follow me’ to make the robot follow you”.

Showing objects and locations: The Show task was de-
scribed in and indirect way, i.e., not providing any explicit
phrases to the user, with the aim to avoid priming of lexical
choice:

You may use your hands to show a single object to
the robot. Objects that the robot should know can be
indicated if they lie on a flat surface like a coffee table.
The surface need to be free from other objects — the
robot will use its vision system to collect information
about the objects. Say the name of the object that the
robot should learn to the robot and use your hand to
point where it is.

These descriptions should work as a both an aid for the wiz-
ard and a constraining factor for the scenario. The underly-
ing assumption for introducing the user to a simulation of
Figure 2: The modified ActivMedia PeopleBot used for the & natural language user interface is to provide the freedom
corpus collection and a user engaged in interaction. to interact in a way that seems natural to the user — without

actually implementing the system for real. However, it is

important to provide a set of constraints that bring some re-
2.1. User study 1: Single room — constrained dialogue ~alism into the situation of use. This is what Maulsby et al.

model (1993) refer to being “true to the algorithm”.

For the first user study we used a room in our robot lab (se . : 3 .
Figure 2 and 3) which had been equipped with a set of fufz'z' é{;g ?thdy 2: multiple rooms —less constrained
niture: a sofa, a dinner table with some chairs, a tv set, book 9 . . o
shelf, objects on the table (fruit bowl, mobile phone) etc.  The home tour scenario described earlier is also relevant to
We recruited 22 test persons among students on the KTHhe concept of Human Augmented Mapping (HAM) intro-
campus. This means that there is a bias towards wellduced by Topp and Christensen (2005) the aim of which
educated young people in the study (9 female, 13 malelS to provide a link between human-robot interaction and
~24 years old), but since the aim of the study is primar-robotic mapping in a way that is compatible with human

ily explorative we have accepted this circumstance. cognitive representations. _
To explore this scenario we designed another user study
2.1.1. |Instructions to users where the environment where the user and robot interacted

When a user arrived, the test leader informed the subject ofvas larger. In this case we extended the experiment area
the purpose of the study, without revealing that the wizardso a whole floor of the robot laboratory. This was done in
were controlling the system. Instead the wizards were deorder to provide a scenario that is suffiently complex both
scribed as “technicians” with the purpose of controlling the from a technical point of view, i.e., where data collection is



cognitive modules. The annotations fall into two broad
cateogories: annotation @ommunicative actand sup-

__ G
C—Q{Q%B E portive or context-providing annotationsThis is depen-

1= dent on how the specific type of annotation can be used

to perform analyses without using other data. We should

— note that what is regarded as context is of course dependent

on what the analysis is focusing on. However, we have
b & noted that annotations that fall in tleere category, i.e.,

& U7,

)

time-aligned speech, communicative acts and gestures are
_ invaluable for navigating in the material, e.g., when looking
at distances (Huttenrauch et al., 2006).

"N

|:_::J

3.1. Annotation of Communicative acts

mb’ ® m The audio and video recordings are annotated up to what
5 we could characterize as a baseline level: speech utterances
: ] and gestures have been transcribed and synchronized in or-
| ! der to provide a format that can be used to navigate the
recordings. The synchronized transcriptions have been con-

Figure 3: A map of the room used in the data collection.verted into Anvil XML files (Kipp, 2004) allowing the ses-
In one comer the position of the wizards is shown. TheSions to be displayed in several layers. _
different objects, like the fruit bowl and the remote control, We are using a coding taxonomy to capture communica-

were always placed on the same initial positions before théive acts that can be viewed as multimodal extension of the
study started. DAMSL coding schema (Allen and Core, 1997). Our ex-

tension of the schema currently involves deictic gestures,
emblems, and iconic gestures. We are using a multi-layered
style of annotation that allows for more detailed analy-
sis. Our approach is similar to Villasefior et al. (2000),
who proposes the extension of DAMSL with the notion of
contribution as participatory communicative acts, accord-
ing to (Clark and Schaefer, 1989).

Report-task: The categories Report-Task and Report
Task-fail were primarily asserted to utterances where the

Figure 4: The floor plan of the office environment where POt provides a report concerning the task, much like a

the experiment took place. The most prominent places wa§omment, e.g., "Robot is following” or "Cannot do that".
the kitchen and the robot lab. Allen (Allen and Core, 1997) classifies utterances related

to the task on the Information-level, using the categories

Task and Task-Management. We have chosen not to anno-

tate the Information-level in our corpus, since the style of
used to evaluate algorithms, and prOVide dataon interactiOﬁhteraction used by the user contains very little communica-
between robot and user. tion management. Instead we have annotated utterances as
For this study, which is still ongoing, we have only re- Action-Directive or Report-Task (fail) when they are task-
cruited five users, where knowledge of the environmentwase|ated. Allen and Core (1997) also annotated Communica-
a requirement. The users were instructed to use the foltion management, but since we are also interested in utter-
low behavior and to present the environment with respectances related to miscommunication (Green et al., 2006) we
to what locations that the users perceived as important fohave annotated repairs using the categories Repair-Action
the robot to know. and Request-repair. Utterances that are aimed at self-
The instructions did no include explicit directions on how to repair or manage the speakers contributions have been an-

name locations to the robot, this was left for the user to findnotated as Own Communication Management (Allwood et
out. The interaction provided by the robot was limited to g|., 1991).

acknowledging: a) that a location had been received and b
that a follow task has been initiated (“robot is following”).
The interaction was recorded using a hand-held video cam

] |

berception, Attention and Contact: We have classi-
fied contributions related to the management of attention
and willingness to interact with the categories Request-
bnd Provide-Attention, and Request- and Provide Contact.
Management of contact and attention can be performed
using different modalities (Allwood et al.,, 1991). This
. draws on findings by (Allwood et al., 1991) and extends
3. Corpus annotation the schema adopted by (Gill et al., 2000) who annotated
The recorded video material from both studies is beingthe body move category Attempt-Contact.
digitized, transcribed and annotated along several dimenThe category Signal non-perception (SNP) is similar to the
sions to support usability research and development oDAMSL category Signal non-understanding (SNU), but fo-

providing a “robot perspective”. After the experiment the
subject was interviewed by the experiment leader.
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Figure 5: Different corpus data visualized as a score annotation similar to what it may look like in the Anvil tool developed
by Kipp (2004). Here we have simplified the image to make it appear better in print.

cuses on the (reported) perceptual status of the participanand organization of tasks at a higher level.

A typical example found in the corpus is "l cannot see you” 5,6:  \e have also annotated the general direction of the
uttered by the robot whenever it lost track of the user. user's gaze in terms of domain related concepts, i.e., the

We have annotated sequences when the user is paying cloggy ot jtself, object ("tv", "telephone”) and locations ("cor-
attention by looking at the robot with the category Monitor. ner’). We have also noted that the user looks around in the
By paying attention to the robot, the user displays a basigom when looking for something or while thinking. In the
positive level of willingness to interact. gaze-track this has simply been annotated as "room”.

Reference: We have annotated events of reference us-
ing the category Reference, knowing that there probably
is a need to refine this further, for instance, (Gill et al.,
2000) uses the more restricted type Demonstrative refer a0
ence (Dem-Ref). But as this only is used for non-verbal

referencing we have chosen the less specific category Ret, - /
erence which we aim to analyze in-depth to arrive at more /
precise scheme at a later stage. '

5000

" A X = 1535.3
= : ¥=10178 \
: D= 1842.0 \

Emotional display: There are very few occurrences of

emotional displays in the corpus. We have annotated obvi- ‘ 72 \
ous examples of emotional display when we have deeme( '™ \ ¢

them as being relevant for the communication, e.g., usel \

laughing when the robot speaks something that appears ¢ o 1)

ill-phrased or out of context. Another category that is re-
lated to emotions is Emphasis (Emph), i.e., where a gestur .

is stressing some aspect of a contribution (e.g., protruding, “Swe  <wo =00 2000 1000 o
finger during pointing at an object). Furthermore, instances

of self-touch, e.g., touching the face or lips have been obFigure 6: A visualization of laser data using an algorithm
served and annotated because it may signal the emotion#dr tracking the user (Topp and Christensen, 2005), show-
state of the user or be seen as a sign of invasion of personéng the robot center (1) and the tracked user (2). The walls
space (Sommer, 1969). sensed by the robot are displayed as a (red) dotted line.
What appears as two holes in the wall on the right hand
side of the image is the shadow of the user’s legs (2).

1 L L L |
1000 2000 3000 4000 5000

3.2. Supportive annotations

The suportiveor context-providingannotations form a het-

erogenous set of resources that can be used for differerRositioning and spatial distance: We are annotating
purposes during analysis. For instance, our interest relatedpatial formation , i.e., the dynamic aspects of spatial
to the spatiality dimension of embodiment make data onarrangements using a taxonomy based on Kendon’'s F-
positioning and spatial distance important to analyze userformation system (Kendon, 1990). This system is based
movement patterns. Another interest lies in the relation be-upon the observation that certain patterns of posture and
tween dialogue acts and physical acts (Traum, 2000) andrientation between participants are maintained during in-
how we may use them to analyze the possible goals that theeraction.

user and robot can possess respectively. For this we neafe are also coding interpersonal distances according to the
to have a scene overview, and be able to determine the irclassification proposed by Hall (1966). Social interaction is
tentional attention of users by analyzing their gaze patternsbased upon and governed by four interpersonal distances:
We have also annotated the general task that is going on atiatimate (0-1.5 feet),personal(1.5-4 feet),social (4—12
specific time to be used as general background informatiorfieet), andoublic (>12 feet).



CORE ANNOTATIONS CONTEXT/TIME ALIGNED DATA

Scenario and users Speech Comm. acts Gesture Task Posture & Positioning
Single 22 users X X X Objects and loca- Hall distances and
room interacting~15 tions F-formations, data

minutes, task from laser range finder

constraints given

by system
Multiple 5 users X X X Locations stored
room interacting~15 in system logs

minutes,

accepting strategy

used by the

system

MEDIA BACKGROUND DATA
Video Audio Webcam On-board Task-descriptions Questionnaires/Post
cam session interview

Single MiniDV Stereo One web Time-aligned task As data file or text
room (25 fps) onboard cam in each annotations document

(16 kHz), corner
MiniDV (1 fps)

(48 kHz)
Multiple Handheld MiniDV MiniDV Interview/Videotaped
room MiniDV (48 kHz) (25 fps)

(25 fps)

Table 1: Corpus annotations

Both the F-formation system and social distances providdime aligned so they can be used as links to specific points
discrete representations for spatiality. Therefore we are alsof interest in the data. Answers to questionnaires adminis-
collecting and synchronizing laserdata and video recordtered to users concerning their attitudes towards the system
ings to be able to study this topic further. are also available as a data file.

The data from the laser range finder is stored as raw data

files with time stamps. This allows for development of dif- 3-3-  Conclusions and future work

ferent types of applications, e.g., tools for visualization orWe have described the process of developing a contex-
tracking algorithms. In figure 6 a tracking algorithm has tualized corpus for human-robot interaction. By provid-
been applied to the data showing the legs of the user as twipig links to data sources, e.g., laser data and text descrip-
half circles close to the point indexed (2) in the image. tions and data that is annotated using well established tax-
i onomies we aim to support activities related to the devel-
Task and scene overview: We have annotated tasks on ot of 4 cognitive robot. In the near future we will use

a high Ievg(;, zg ?]S Categgfgi[%‘itvedstgé% gFeIr;\IeE)aI Sethis corpus in the development of adaptive models of users’
vices provided by the systeri: ' ' ' style of communication and to study communicative behav-

C_;REET,etc: Th(_e am 1s t(.) prpwde background mfor,ma- ior related to the spatial configuration of the robot and user.
tion and to visualize organization related to the users’ way

of solving the task. Another means of providing a general
sense of what is going on in the data are images from four 4. Acknowledgments
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Abstract

This paper presents a speech understand-
ing component for enabling robust situated
human-robot communication. The aim is
to gain semantic interpretations of utter-
ances that serve as a basis for multi-modal
dialog management also in cases where
the recognized word-stream is not gram-
matically correct. For the understand-
ing process, we designed semantic pro-
cessable units, which are adapted to the
domain of situated communication. Our
framework supports the specific character-
istics of spontaneous speech used in com-
bination with gestures in a real world sce-
nario. It also provides information about
the dialog acts. Finally, we present a pro-
cessing mechanism using these concept
structures to generate the most likely se-
mantic interpretation of the utterances and
to evaluate the interpretation with respect
to semantic coherence.

1 Introduction

Over the past years interest in mobile robot ap-
plications has increased. One aim is to allow for
intuitive interaction with a personal robot which is
based on the idea that people want to communi-
cate in a natural way (Breazeal et al., 2004)(Daut-
enhahn, 2004). Although often people use speech
as the main modality, they tend to revert to addi-
tional modalities such as gestures and mimics in
face-to-face situations. Also, they refer to objects

"This work has been supported by the European Union
within the ’Cognitive Robot Companion’ (COGNIRON)
project (FP6-IST-002020) and by the German Research
Foundation within the Graduate Program ’Task Oriented
Communication’.

in the physical environment. Furthermore, speech,
gestures and information of the environment are
used in combination in instructions for the robot.
When participants perceive a shared environment
and act in it we call this communication “situated”
(Milde et al., 1997). In addition to these features
that are characteristic for situated communication,
situated dialog systems have to deal with several
problems caused by spontaneous speech phenom-
ena like ellipses, indirect speech acts or incom-
plete sentences. Large pauses or breaks occur in-
side an utterance and people tend to correct them-
selves. Utterances often do not follow a standard
grammar as written text.

Service robots have not only to be able to cope
with this special kind of communication but they
also have to cope with noise that is produced by
their own actuators or the environment. Speech
recognition in such scenarios is a complex and dif-
ficult task, leading to severe degradations of the
recognition performance. The goal of this paper
is to present a framework for human-robot inter-
action (HRI) that enables robust interpretation of
utterances under the specific conditions in HRIL.

2 Related Work

Some of the most explored speech processing
systems are telephone-based information systems.
Their design rather differs from that of situated
HRI. They are uni-modal so that every information
has to be gathered from speech. However, speech
input is different as users utter longer phrases
which are generally grammatically correct. These
systems are often based on a large corpus and can
therefore be well trained to perform satisfactory
speech recognition results. A prominent example
for this is the telephone based weather forecast in-
formation service JUPITER (Zue et al., 2000).



Over the past years interest increased in mo-
bile robot applications where the challenges are
even more complex. While many of these prob-
lems (person tracking, attention, path finding) are
already in the focus of research, robust speech un-
derstanding has not yet been extensively explored
in the context of HRI. Moreover, interpretation
of situated dialogs in combination with additional
knowledge sources is rarely considered. Recent
projects with related scope are the mobile robots
CARL (Lopes et al., 2005) and ALBERT (Ro-
galla et al., 2002), and the robotic chandelier Elvis
(Juster and Roy, 2004). The main task of the robot
CARL is robust language understanding in con-
text of knowledge acquisition and management.
It combines deep and shallow parsing to achieve
robustness. ALBERT is designed to understand
speech commands in combination with gestures
and object detection with the task to handle dishes.
The home lighting robot Elvis gets instructions
about lighting preferences of a user via speech and
gestural input. The robot itself has a fixed position
but the user may walk around in the entire room.
It uses keyword spotting to analyze the semantic
content of speech. As speech recognition in such
robot scenarios is a complex and difficult task, in
these systems the speech understanding analysis
is constrained to a small set of commands and not
oriented towards spontaneous speech. However,
deep speech understanding is necessary for more
complex human robot interaction.

There is only little research in semantic speech
analysis of spontaneous speech. A widely used ap-
proach of interpreting sentences is the idea of case
grammar (Bruce, 1975). Each verb has a set of
named slots, that can be filled by other slots, typ-
ically nouns. Syntactic case information of words
inside a sentence marks the semantic roles and
thus, the corresponding slots can be filled. An-
other approach of processing spontaneous speech
by using semantic information for the Air Travel
Information Service (ATIS) task is implemented
in the Phoenix system (Ward, 1994). Slots in
frames represent the basic semantic entities known
to the system. A parser using semantic gram-
mars maps input onto these frame representations.
The idea of our approach is similar to that of the
Phoenix system, in that we also use semantic en-
tities for extracting information. Much effort has
been made in the field of parsing strategies com-
bined with semantic information. These systems

support preferably task oriented dialog systems,
e.g., the ATIS task as in (Popescu et al., 2004)
and (Milward, 2000), or virtual world scenarios
(Gorniak and Roy, 2005), which do not have to
deal with uncertain visual input. The aim of the
FrameNet project (Fillmore and Baker, 2001) is to
create a lexicon resource for English, where every
entry receives a semantic frame description.

In contrast to other presented approaches we fo-
cus on deep semantic analysis of situated sponta-
neous speech.Written language applications have
the advantage to be trainable on large corpora,
which is not the case for situated speech based ap-
plications. And furthermore, interpretation of sit-
uated speech depends on environmental informa-
tion. Utterances in this context are normally less
complex, still our approach is based on a lexicon
that allows a broad variety of utterances. It also
takes speech recognition problems into account
by ignoring non-consistent word hypotheses and
scoring interpretations according to their semantic
completeness. By adding pragmatic information,
natural dialog processing is facilitated.

3 Situated Dialog Corpus

With our robot BIRON we want to improve so-
cial and functional behavior by enabling the sys-
tem to carry out a more sophisticated dialog for
handling instructions. One scenario is a home-tour
where a user is supposed to show the robot around
the home. Another scenario is a plant-watering
task, where the robot is instructed to water differ-
ent plants. There is only little research on multi-
modal HRI with speech-based robots. A study
how users interact with mobile office robots is re-
ported in (Hiittenrauch et al., 2003). However, in
this evaluation, the integration of different modal-
ities was not analyzed explicitly. But even though
the subjects were not allowed to use speech and
gestures in combination, the results support that
people tended to communicate in a multi-modal
way, nevertheless.

To receive more detailed information about the
instructions that users are likely to give to an as-
sistant in home or office we simulated this sce-
nario and recorded 14 dialogs from German native
speakers. Their task was to instruct the robot to
water plants. Since our focus in this stage of the
development of our system lies on the situatedness
of the conversation, the robot was simply replaced
by a human pretending to be a robot. The subjects



were asked to act as if it would be a robot. As pro-
posed in (Lauriar et al., 2001), a preliminary user
study is necessary to reduce the number of repair
dialogs between user and system, such as queries.
The corpus provides data necessary for the design
of the dialog components for multi-modal interac-
tion. We also determined the lexicon and obtained
the SSUs that describe the scene and tasks for the
robot.

The recorded dialogs feature the specific na-
ture of dialog situations in multi-modal commu-
nication situations. The analysis of the corpus is
presented in more detail in (Hiiwel and Kummert,
2004). It confirms that spontaneously spoken ut-
terances seldom respect the standard grammar and
structure of written sentences. People tend to use
short phrases or single words. Large pauses of-
ten occur during an utterance or the utterance is
incomplete. More interestingly, the multi-modal
data shows that 13 out of 14 persons used pointing
gestures in the dialogs to refer to objects. Such ut-
terances cannot be interpreted without additional
information of the scene. For example, an utter-
ance such as “this one” is used with a pointing
gesture to an object in the environment. We re-
alize, of course, that for more realistic behavior
towards a robot a real experiment has to be per-
formed. However this time- and resource-efficient
procedure allowed us to build a system capable of
facilitating situated communication with a robot.
The implemented system has been evaluated with
a real robot (see section 7). In the prior version we
used German as language, now the dialog system
has adapted to English.

4 The Robot Assistant BIRON

The aim of our project is to enable intuitive inter-
action between a human and a mobile robot. The
basis for this project is the robot system BIRON
(et. al, 2004). The robot is able to visually track
persons and to detect and localize sound sources.

Language
P Generation
Speech . Understanding -
Recognition fusion s MaI:a(;%r
[ "

I Robot

Speech

Control

lexicon
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database Scene

Figure 1: Overview of the BIRON dialog system
architecture

The robot expresses its focus of attention by turn-
ing the camera into the direction of the person
currently speaking. From the orientation of the
person’s head it is deduced whether the speaker
addresses the robot or not. The main modality
of the robot system is speech but the system can
also detect gestures and objects. Figure 1 gives
an overview of the architecture of BIRON’s multi-
modal interaction system. For the communica-
tion between these modules we use an XML based
communication framework (Fritsch et al., 2005).
In the following we will briefly outline the inter-
acting modules of the entire dialog system with
the speech understanding component.

Speech recognition: If the user addresses
BIRON by looking in its direction and starting to
speak, the speech recognition system starts to an-
alyze the speech data. This means that once the
attention system has detected that the user is prob-
ably addressing the robot it will route the speech
signal to the speech recognizer. The end of the
utterance is detected by a voice activation detec-
tor. Since both components can produce errors the
speech signal sent to the recognizer may contain
wrong or truncated parts of speech. The speech
recognition itself is performed with an incremen-
tal speaker-independent system (Wachsmuth et al.,
1998), based on Hidden Markov Models. It com-
bines statistical and declarative language models
to compute the most likely word chain.

Dialog manager: The dialog management
serves as the interface between speech analysis
and the robot control system. It also generates an-
swers for the user. Thus, the speech analysis sys-
tem transforms utterances with respect to gestural
and scene information, such as pointing gestures
or objects in the environment, into instructions for
the robot. The dialog manager in our application is
agent-based and enables a multi-modal, mixed ini-



tiative interaction style (Li et al., 2005). It is based
on semantic entities which reflect the information
the user uttered as well as discourse information
based on speech-acts. The dialog system classifies
this input into different categories as e.g., instruc-
tion, query or social interaction. For this purpose
we use discourse segments proposed by Grosz and
Sidner (Grosz and Sidner, 1986) to describe the
kind of utterances during the interaction. Then the
dialog manager can react appropriately if it knows
whether the user asked a question or instructed
the robot. As gesture and object detection in our
scenario is not very reliable and time-consuming,
the system needs verbal hints of scene information
such as pointing gestures or object descriptions to
gather information of the gesture detection and ob-
ject attention system.

5 Situated Concept Representations

Based on the situated conversational data, we de-
signed “‘situated semantic units” (SSUs) which are
suitable for fast and automatic speech understand-
ing. These SSUs basically establish a network of
strong (mandatory) and weak (optional) relations
of sematic concepts which represent world and
discourse knowledge. They also provide ontolog-
ical information and additional structures for the
integration of other modalities. Our structures are
inspired by the idea of frames which provide se-
mantic relations between parts of sentences (Fill-
more, 1976).

Till now, about 1300 lexical entries are stored
in our database that are related to 150 SSUs. Both
types are represented in form of XML structures.
The lexicon and the concept database are based on
our experimental data of situated communication
(see section 3) and also on data of a home-tour
scenario with a real robot. This data has been an-
notated by hand with the aim to provide an ap-
propriate foundation for human-robot interaction.
It is also planned to integrate more tasks for the
robot as, e.g., courier service. This can be done by
only adding new lexical entries and correspond-
ing SSUs without spending much time in reorga-
nization. Each lexical entry in our database con-
tains a semantic association to the related SSUs.
Therefore, equivalent lexical entries are provided
for homonyms as they are associated to different
concepts.

In figure 2 the SSU Showing has an open link
to the SSUs Actor and Object. Missing links to

SSU Showing

mand-frames Actor
Obiject
opt-frames |Person_involved
Time

Figure 2: Schematic SSU “Showing” for utter-
ances like “I show you my poster tomorrow”.

strongly connected SSUs are interpreted as miss-
ing information and are thus indicators for the di-
alog management system to initiate a clarification
question or to look for information already stored
in the scene model (see fig. 1). The SSUs also
have connections to optional arguments, but they
are less important for the entire understanding pro-
cess.

The SSUs also include ontological information,
so that the relations between SSUs can be de-
scribed as general as possible. For example, the
SSU Building_subpart is a sub-category of Object.
In our scenario this is important as for example the
unit Building _subpart related to the concept“wall”
has a fixed position and can be used as navigation-
support in contrast to other objects. The top-
category is stored in the entry fop, a special item
of the SSU. By the use of ontological information,
SSUs also differentiate between task and commu-
nication related information and thereby support
the strategy of the dialog manager to decouple task
from communication structure. This is important
in order to make the dialog system independent
of the task and enable scalable interaction capa-
bilities. For example the SSU Showing belongs to
the discourse type Instruction. Other types impor-
tant for our domain are Socialization, Description,
Confirmation, Negation, Correction, and Query.
Further types may be included, if necessary.

In our domain, missing information in an utter-
ance can often be acquired from the scene. For
example the utterance “look at this” and a point-
ing gesture to a table will be merged to the mean-
ing “look at the table”. To resolve this meaning,
we use hints of co-verbal gestures in the utter-
ance. Words as “this one” or “here” are linked
to the SSU Potential_gesture, indicating a relation
between speech and gesture. The timestamp of the
utterance enables temporal alignment of speech
and gesture. Since gesture recognition is expen-
sive in computing time and often not well-defined,
such linguistic hints can reduce these costs dra-



matically.

The utterance “that” can also represent an
anaphora, and is analyzed in both ways, as
anaphora and as gesture hint. Only if there is no
gesture, the dialog manager will decide that the
word probably was used in an anaphoric manner.

Since we focus on spontaneous speech, we can-
not rely on the grammar, and therefore the se-
mantic units serve as the connections between the
words in an utterance. If there are open connec-
tions interpretable as missing information, it can
be inferred what is missing and be integrated by
the contextual knowledge. This structure makes
it easy to merge the constituents of an utterance
solely by semantic relations without additional
knowledge of the syntactic properties. By this,
we lose information that might be necessary in
several cases for disambiguation of complex ut-
terances. However, spontaneous speech is hard
to parse especially since speech recognition errors
often occur on syntactically relevant morphemes.
We therefore neglect the cases which tend to occur
very rarely in HRI scenarios.

6 Semantic Processing

In order to generate a semantic interpretation of
an utterance, we use a special mechanism, which
unifies words of an utterance into a single struc-
ture. The system also considers the ontological in-
formation of the SSUs to generate the most likely
interpretation of the utterance. For this purpose,
the mechanism first associates lexical entries of
all words in the utterance with the corresponding
SSUs. Then the system tries to link all SSUs to-
gether into one connected uniform. Some SSUs
provide open links to other SSUs, which can be
filled by semantic related SSUs. The SSU Be-
side for example provides an open link to Object.
This SSU can be linked to all Object entities and
to all subtypes of Object. Thus, an utterance as
“next to the door” can be linked together to form
a single structure (see fig. 3). The SSUs which
possess open links are central for this mechanism,
they represent roots for parts of utterances. How-
ever, these units can be connected by other roots,
likewise to generate a tree representing semantic
relations inside an utterance.

The fusion mechanism computes in its best case
in linear time and in worst case in square time.
A scoring function underlies the mechanism: the
more words can be combined, the better is the rat-

""next to the door"

Building_subpart

— strong reference
---» ontological link
lexical mapping

Pt
Object
/

Beside

Figure 3: Simplified parse tree example .

ing. The system finally chooses the structure with
the highest score. Thus, it is possible to handle se-
mantic variations of an utterance in parallel, such
as homonyms. Additionally, the rating is help-
ful to decide whether the speech recognition result
is reliable or not. In this case, the dialog man-
ager can ask the user for clarification. In the next
version we will use a more elaborate evaluation
technique to yield better results such as rating the
amount of concept-relations and missing relations,
distinguish between important and optional rela-
tions, and prefer relations to words nearby.

A converter forwards the result of the mech-
anism as an XML-structure to the dialog man-
ager. A segment of the result for the dialog man-
ager is presented in Figure 4. With the category-
descriptions the dialog-module can react fast on
the user’s utterance without any further calcula-
tion. It uses them to create inquiries to the user
or to send a command to the robot control system,
such as “look for a gesture”, “look for a blue ob-
ject”, or “follow person”. If the interpreted utter-
ance does not fit to any category it gets the value
fragment. These utterances are currently inter-
preted in the same way as partial understandings
and the dialog manager asks the user to provide
more meaningful information.

Figure 1 illustrates the entire architecture of the
speech understanding system and its interfaces to
other modules. The SSUs and the lexicon are
stored in an external XML-databases. As the
speech understanding module starts, it first reads
these databases and converts them into internal
data-structures stored in a fast accessible hash ta-
ble. As soon as the module receives results from
speech recognition, it starts to merge. The mech-
anism also uses a history, where former parts of
utterances are stored and which are also integrated
in the fusing mechanism. The speech understand-
ing system then converts the best scored result into
a semantic XML-structure (see Figure 4) for the
dialog manager.



<metaInfo>
<time>1125573609635</time>
<status>full</status>
</metaInfo>
<semanticInfo>
<u>what can you do</u>
<category>query</category>
<content>
<unit = Question_action>
<name>what</name>
<unit = Action>
<name>do</name>
<unit = Ability>
<name>can</name>
<unit = Proxy>
<name>you</name>

<u>this is a green cup</u>
<category>description</category>
<content>
<unit = Existence>
<name>is</name>
<unit = Object_kitchen>
<name>cup</name>
<unit = Potential_gesture>
<name>this</name>
</unit>
<unit = Color>
<name>green</name>
</unit>

Figure 4: Two segments of the speech understand-
ing results for the utterances “what can you do”
and “this is a green cup”.

6.1 Situated Speech Processing

Our approach has various advantages dealing with
spontaneous speech. Double uttered words as in
the utterance “look - look here” are ignored in our
approach. The system still can interprete the ut-
terance, then only one word is linked to the other
words. Corrections inside an utterance as “the left
em right cube” are handled similar. The system
generates two interpretations of the utterance, the
one containing left the other right. The system
chooses the last one, since we assume that cor-
rections occur later in time and therefore more
to the right. The system deals with pauses in-
side utterances by integrating former parts of ut-
terances stored in the history. The mechanism also
processes incomplete or syntactic incorrect utter-
ances. To prevent sending wrong interpretations to
the dialog-manager the scoring function rates the
quality of the interpretation as described above. In
our system we also use scene information to eval-
uate the entire correctness so that we do not only
have to rely on the speech input. In case of doubt
the dialog-manager requests to the user.

For future work it is planned to integrate addi-

tional information sources, e.g., inquiries of the
dialog manager to the user. The module will also

Userl: Robot look - do you see?

This - is a cow. Funny.

Do you like it? ...

Look here robot - a cup.

Look here a - a keyboard.

Let’s try that one. ...

Can you walk in this room?

Sorry, can you repeat your answer?
How fast can you move? ...

User2:

User3:

Figure 5: Excerptions of the utterances during the
experiment setting.

store these information in the history which will be
used for anaphora resolution and can also be used
to verify the output of the speech recognition.

7 Evaluation

For the evaluation of the entire robot system
BIRON we recruited 14 naive user between 12
and 37 years with the goal to test the intuitive-
ness and the robustness of all system modules as
well as its performance. Therefore, in the first of
two runs the users were asked to familiarize them-
selves with the robot without any further informa-
tion of the system. In the second run the users
were given more information about technical de-
tails of BIRON (such as its limited vocabulary).
We observed similar effects as described in section
2. In average, one utterance contained 3.23 words
indicating that the users are more likely to utter
short phrases. They also tend to pause in the mid-
dle of an utterance and they often uttered so called
meta-comments such as “that”s fine”. In figure 5
some excerptions of the dialogs during the experi-
ment settings are presented.

Thus, not surprisingly the speech recognition
error rate in the first run was 60% which decreased
in the second run to 42%, with an average of 52%.
High error rate seems to be a general problem in
settings with spontaneous speech as other systems
also observed this problem (see also (Gorniak and
Roy, 2005)). But even in such a restricted exper-
iment setting, speech understanding will have to
deal with speech recognition error which can never
be avoided.

In order to address the two questions of (1)
how well our approach of automatic speech un-
derstanding (ASU) can deal with automatic speech
recognition (ASR) errors and (2) how its perfor-
mance compares to syntactic analysis, we per-
formed two analyses. In order to answer ques-
tion (1) we compared the results from the semantic
analysis based on the real speech recognition re-



sults with an accuracy of 52% with those based on
the really uttered words as transcribed manually,
thus simulating a recognition rate of 100%. In to-
tal, the semantic speech processing received 1642
utterances from the speech recognition system.
From these utterances 418 utterances were ran-
domly chosen for manual transcription and syntac-
tic analysis. All 1642 utterances were processed
and performed on a standard PC with an average
processing time of 20ms, which fully fulfills the
requirements of real-time applications. As shown
in Table 1 39% of the results were rated as com-
plete or partial misunderstandings and 61% as cor-
rect utterances with full semantic meaning. Only
4% of the utterances which were correctly recog-
nized were misinterpreted or refused by the speech
understanding system. Most errors occurred due
to missing words in the lexicon.

Thus, the performance of the speech under-
standing system (ASU) decreases to the same
degree as that of the speech recognition system
(ASR): with a 50% ASR recognition rate the num-
ber of non-interpretable utterances is doubled in-
dicating a linear relationship between ASR and
ASU.

For the second question we performed a manual
classification of the utterances into syntactically
correct (and thus parseable by a standard pars-
ing algorithm) and not-correct. Utterances fol-
lowing the English standard grammar (e.g. im-
perative, descriptive, interrogative) or containing
a single word or an NP, as to be expected in an-
swers, were classified as correct. Incomplete ut-
terances or utterances with a non-standard struc-
ture (as occurred often in the baby-talk style ut-
terances) were rated as not-correct. In detail, 58
utterances were either truncated at the end or be-
ginning due to errors of the attention system, re-
sulting in utterances such as “where is”, “‘can you
find”, or “is a cube”. These utterances also include
instances where users interrupted themselves. In
51 utterances we found words missing in our lex-
icon database. 314 utterances where syntactically
correct, whereas in 28 of these utterances a lexicon
entry is missing in the system and therefore would

ASR=100% | ASR=52%
ASU not or part. interpret. 15% 39%
ASU fully interpretable 84% 61%

Table 1: Semantic Processing results based on dif-
ferent word recognition accuracies.

lead to a failure of the parsing mechanism. 104 ut-
terances have been classified as syntactically not-
correct.

In contrast, the result from our mechanism per-
formed significantly better. Our system was able
to interprete 352 utterances and generate a full se-
mantic interpretation, whereas 66 utterances could
only be partially interpreted or were marked as
not interpretable. 21 interpretations of the utter-
ances were semantically incorrect (labeled from
the system wrongly as correct) or were not as-
signed to the correct speech act, e.g., “okay” was
assigned to no speech act (fragment) instead to
confirmation. Missing lexicon entries often lead
to partial interpretations (20 times) or sometimes
to complete misinterpretations (8 times). But still
in many cases the system was able to interprete the
utterance correctly (23 times). For example “can
you go for a walk with me” was interpreted as “can
you go with me” only ignoring the unknown “for
a walk”. The utterance “can you come closer” was
interpreted as a partial understanding “can you
come” (ignoring the unknown word “closer”). The
results are summarized in Table 2.

As can be seen the semantic error rate with 15%
non-interpretable utterances is just half of the syn-
tactic correctness with 31%. This indicates that
the semantic analysis can recover about half of the
information that would not be recoverable from
syntactic analysis.

ASU Synt. cor.
not or part. interpret.  15% | not-correct 31%
fully interpret. 84% correct 68%

Table 2: Comparison of semantic processing result
with syntactic correctness based on a 100% word
recognition rate.

8 Conclusion and Outlook

In this paper we have presented a new approach
of robust speech understanding for mobile robot
assistants. It takes into account the special char-
acteristics of situated communication and also the
difficulty for the speech recognition to process ut-
terances correctly. We use special concept struc-
tures for situated communication combined with
an automatic fusion mechanism to generate se-
mantic structures which are necessary for the di-
alog manager of the robot system in order to re-
spond adequately.

This mechanism combined with the use of our



SSUs has several benefits. First, speech is in-
terpreted even if speech recognition does not al-
ways guarantee correct results and speech input is
not always grammatically correct. Secondly, the
speech understanding component incorporates in-
formation about gestures and references to the en-
vironment. Furthermore, the mechanism itself is
domain-independent. Both, concepts and lexicon
can be exchanged in context of a different domain.

This semantic analysis already produces elab-
orated interpretations of utterances in a fast way
and furthermore, helps to improve robustness of
the entire speech processing system. Nevertheless,
we can improve the system. In our next phase we
will use a more elaborate scoring function tech-
nique and use the correlations of mandatory and
optional links to other concepts to perform a better
evaluation and also to help the dialog manager to
find clues for missing information both in speech
and scene. We will also use the evaluation results
to improve the SSUs to get better results for the
semantic interpretation.
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Abstract—1In order to model complex human robot inter-
action researchers not only have to consider different tasks
but also to handle the complex interplay of different modules
of one single robot system. In our context we constructed a
robot assistant integrated in a home or office environment.
We allow for a fairly natural communication style, which
means that the users communicate using speech but are also
allowed to use gestures and moreover to use contextual scene
knowledge. Against this background, this paper presents a
robust speech understanding component for situated human-
robot communication. It serves as interface between speech
recognition and dialog management. To increase robustness of
speech processing it rates the speech recognition output by
means of semantic coherence. Even if the recognized word-
stream is not grammatically correct the speech understanding
component provides semantic interpretations in context of
multi-modal input for dialog management. For the understand-
ing process, we designed special semantic concepts grounded
to the domain of situated communication. They also provide
additional information about the dialog act. A processing
mechanism uses these concept units to generate the most likely
semantic interpretation of the utterances.

I. INTRODUCTION

Interest in mobile robot applications has increased over
the past years. Demands on user-interfaces for such ap-
plications are quite different from classical computers, as
the use of keyboard or mouse is not appropriate for this
type of applications. New technologies oriented on human
communication are needed to provide a better way to interact
with robots in home or office environments [1], [2]. Naive
users can easily interact with these systems without learning
a specific programming language. By natural interaction we
mean, that the user relies on speech as the main modality, like
in the communication between humans. However, natural
communication also makes use of other modalities such as
gestures [3] and additional cues about the scene or discourse.
These additional cues provide important information for the
disambiguation and the completion of information from the
speech channel. Such a kind of communication is called
situated: the participants perceive a shared environment and
act in it [4]. Additionally, situated dialog systems have to
deal with several problems caused by spontaneous speech
phenomena like ellipses. Also, people rarely utter complete
sentences as in written text.

Developing a mobile robot system is a complex task.
Different aspects as embodiment, personality, and dialog

Fig. 1. Scene from plant-watering task.

have to be respected. Much work has been spent on the
design of complex embodied robot systems [5], [6], however,
speech understanding for human robot interaction has not yet
been extensively explored. Service robots have not only to be
able to cope with this special kind of communication but they
also have to cope with noise that is produced by their own
actuators or the environment. Speech recognition in mobile-
robot scenarios is a complex and difficult task, leading to
severe degradations of the recognition performance[7]. Ro-
bust interpretation of utterances has to consider the specific
conditions in HRI. For systems capable of interacting by use
of speech and visual input the complexity of speech analysis
is mostly reduced to speech recognition [8].

To model complex HRI, we need to consider both: spon-
taneous speech as well as situatedness. The system ought to
allow for a broad variety of utterances which may also be
ungrammatical and support multi-modality. Consequentially,
the system needs to allow for extralinguistic information
as gestures and objects in the environment, use a large
lexicon and not restrict the interpretation to a grammar. A
widely used approach of interpreting sentences is the idea
of case grammar [9]. Each verb has a set of named slots,
that can be filled by other slots, typically nouns. Syntactic
case information of words inside a sentence marks the
semantic roles and thus, the corresponding slots can be filled.
However, this approach requires syntactically correct and
complete utterances and is difficult to apply to spontaneous
speech. An approach of processing spontaneous speech by
using semantic information is implemented in the Phoenix



system [10] for the Air Travel Information Service (ATIS)
task. Slots in frames represent the basic semantic entities
known to the system. A parser using semantic grammars
maps input onto these frame representations. However, the
task of the system is uni-modal information query, where
integration of multiple modalities is not foreseen.

Recent projects with related scope with respect to multi-
modality and spontaneous speech are for example the robots
CARL [11] and ALBERT [12]. However, as speech recogni-
tion in mobile-robot scenarios is a complex and difficult task,
in these systems the speech understanding analysis is con-
strained to a small set of commands and not oriented towards
spontaneous speech. However, deep speech understanding is
necessary for more complex HRI. Our approach, therefore,
is to use semantic entities for extracting information under
the specific conditions of HRI.

The paper is organized as follows. First, we will give an
overview of the kind of utterances between a human and a
robot assistant we have to deal with. In section III, we will
briefly describe our robot system BIRON, its overall system
architecture and the modules the speech understanding inter-
act with. Then, we will explain the semantic concepts and
the mechanism we use to generate appropriate interpretations
for HRI. Finally, we will present the evaluation of the entire
speech understanding system and end with a conclusion and
an outlook for future work.

II. SITUATED DIALOG CORPUS

There is only little research on multi-modal HRI with
speech-based robots. A study how users interact with mobile
office robots is reported in [13]. However, in this evaluation,
the integration of different modalities was not analyzed
explicitly. But even though the subjects were not allowed to
use speech and gestures in combination, the results support
that people tended to communicate in a multi-modal way,
nevertheless. To receive more detailed information about the
instructions that users are likely to give to an assistant in
home or office we simulated this scenario and recorded 14
dialogs from German native speakers. Their task was to
instruct the robot to water plants. Since our focus in this stage
of the development of our system lies on the situatedness of
the conversation, the robot was simply replaced by a human
pretending to be a robot. The subjects were asked to act as if
it would be a robot. As proposed in [14], a preliminary user
study is necessary to reduce the number of repair dialogs
between user and system, such as queries. The corpus pro-
vides data necessary for the design of the dialog components
for multi-modal interaction. We also determined the lexicon
and obtained the semantic concepts that describe the scene
and tasks for the robot. The recorded dialogs feature the
specific nature of dialog situations in multi-modal commu-
nication situations. The analysis of the corpus is presented
more detailed in [15]. It confirms that spontaneously spoken
utterances seldom respect the standard grammar and structure
of written sentences. People tend to use short phrases or
single words. Large pauses often occur during an utterance
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Fig. 2. Overview of the BIRON dialog system architecture

or the utterance is incomplete. More interestingly, the multi-
modal data shows that almost every person used pointing
gestures in the dialogs to refer to objects. Such utterances
cannot be interpreted without additional information of the
scene. For example, an utterance such as “this one” is used
with a pointing gesture to an object in the environment. We
realize, of course, that for more realistic behavior towards a
robot a real experiment has to be performed. However this
time- and resource-efficient procedure allowed us to build a
system capable of facilitating situated communication with
a robot. The implemented system has been evaluated with a
real robot (see section V).

III. THE ROBOT ASSISTANT BIRON

The aim of our project is to improve social and func-
tional behavior by enabling the robot to carry out a more
sophisticated dialog for handling instructions. The basis for
this project is the robot system BIRON (Bielefeld Robot
Companion) [16]. The robot is supposed to assist the user in
home or office environment. First, the user shows the robot
its surrounding, including different rooms and important
objects, so that it gets to know its own environment. After
introducing the robot it can support the user by different
tasks, e.g., to water plants, as courier, or to show guests
around the place.

The robot BIRON is able to visually track persons and to
detect and localize sound sources. The robot expresses its
focus of attention by turning the camera into the direction
of the person currently speaking. From the orientation of the
person’s head it is deduced whether the speaker addresses
the robot or not. The main modality of the robot system is
speech but the system can also detect gestures and objects.
Figure 2 gives an overview of the architecture of BIRON’s
multi-modal interaction system. The speech processing parts
are grayed. For the communication between these modules
we use an XML based communication framework [17]. In
the following, we will briefly outline the interacting modules
of the entire dialog system with the speech understanding
component (see Figure 2).

Speech recognition Initiated by the attention system of
the robot the speech recognition system starts to analyze
the speech data. For that, we use an incremental speaker-




"look - the chair nextto the door"
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Fig. 3. Simplified parse tree example .

independent speech recognition system [18], based on Hid-
den Markov Models. It is trained on American English. The
system combines statistical and declarative language models
to compute the most likely word chain.

Dialog manager The dialog management serves as the
interface between speech processing and the robot control
system. It also generates answers for the user. Thus, the
speech analysis system transforms utterances with respect
to gestural and scene information, such as pointing gestures
or objects in the environment, into instructions for the robot.
The dialog manager in our application is agent-based and
enables a multi-modal, mixed initiative interaction style [19].
It is based on semantic entities which reflect the information
the user uttered as well as discourse information based on
speech-acts. For that, we use discourse segments proposed
by Grosz and Sidner [20] to describe the kind of utterances
during the interaction. It also needs verbal hints of scene
information such as pointing gestures or object descriptions
to gather information of the gesture detection and object
attention system.

IV. SITUATED CONCEPTS AND SEMANTIC PARSING

Based on the situated conversational data, we designed
“situated semantic units” (SSUs) which are suitable for fast
and automatic speech understanding. These SSUs basically
establish a network of strong and weak relations of sematic
concepts which represent world and discourse knowledge.
They also provide ontological information and additional
structures for the integration of other modalities.

A. Semantic Parsing Algorithm

The database currently contains 1290 lexical entries and
143 SSUs. Each lexicon entry is mapped to an SSU, which
may contain strong or weak unresolved references to other
SSUs. The semantic processor tries to resolve these open
references with SSUs corresponding to other words found
in an utterance. Figure 3 shows how the semantic processor
handles the utterance “look - the chair next to the door”.
In this example “look” is mapped to the SSU Looking,
representing the root of the semantic structure. “Looking”
provides an open reference to the SSU Object. The semantic
processor scans the word chain for a word with the SSU
Object or any subtype of Object and joins the particle “the
chair” to Object and thus, to the SSU Looking. As objects
in the real world are always placed in a certain position,
the SSU Object has an open reference to Position. The
lexicon entry “next to” is mapped to the sub-category of
Position Beside, which provides an open reference to the
SSU Object. The lexicon entry “the door” is mapped to the

SSU Building_subpart which is an ontological subtype of
Object. Thus, “the door” will be linked to the SSU Beside
corresponding to “next to” which results in a semantic parse
tree (Fig. 3).

This example is a simplified illustration of the semantic
parsing process. e.g., the words “to” and “the” have sepa-
rate lexical entries and are processed accordingly. Also the
semantic processor computes all possible parse trees for a
word chain and rates each one with a scoring value. The
scoring function incorporates the amount of combined words,
prefers words temporally close-by and distinguishes between
strong and weak relations. The parse tree with the highest
score is considered to be the most likely one. With this
approach variations of the utterance “look at the chair next
to the door” can be interpreted. “Look - next to the door -
the chair” results in the same semantic structure. The SSU
Looking provides apart from the Object relation a Position
relation. By this, utterances as “look over there - the plant at
the window” can be reduced to a single semantic structure.
Further, it is possible to handle homonyms without additional
effort, for example in the home-tour scenario the word “can”
might be a box or a the ability to do something. This can
simply be achieved by two lexicon entries of “can” linked
to two different SSUs.

Moreover, the rating increases robustness, it enables to
decide whether the speech recognition result is reliable or
not. In the case of low score, the dialog manager can ask the
user for clarification. The fusion mechanism computes in its
best case in linear time and in worst case in square time.
The mechanism also uses a history, where former parts of
utterances are stored and which are also integrated in the
fusing mechanism.

B. Dealing with Situated Dialogs

Since we focus on spontaneous speech, we cannot rely
on the grammar, and therefore the semantic units serve as
the connections between the words in an utterance. If there
are open connections interpretable as missing information,
it can be inferred what is missing and be integrated by
the contextual knowledge. Utterances in this context are
normally less complex, still our approach allows a broad
variety of utterances. The lexicon and the concept database
are inspired by FrameNet [21]. They are based on the
experimental data of situated communication (see section II)
and also on data of a home-tour scenario with a real robot.

By assigning ontological information, the relations be-
tween SSUs can be described as generally as possible, with-
out losing information important for the robot. Disjunction
of different subtypes is important for proper robot-actions.
The SSU Building subpart for example, a sub-category of
Object, indicates that this object has a fixed position, which
is important for robot navigation-support. This information is
stored in the SSU entry top-cat. As the dialog manager needs
knowledge about discourse segments, the SSUs also reflect
these by use of ontological information. For example the SSU
Showing belongs to the discourse type Instruction. Other



<metalInfo>
<time>1125573609635</time>
<status>full</status>
</metaInfo>
<semanticInfo>
<u>look here</u>
<category>instruction</category>
<content>
<unit = "Looking">
<name>look</name>
<unit = "Potential_gesture">
<name>here</name>
</unit>

<semanticInfo>
<u>what color is your pencil</u>
<category>query</category>
<content>
<unit = "Question_attribute">
<name>what</name>
<unit = "Attribute">
<name>color</name>
</unit>
<unit = "Existence">
<name>is</name>
<unit = "Object_office">
<name>pencil</name>
<unit = "Owner">
<name>your</name>
</unit>

Fig. 4. Two segments of speech understanding results

types are Socialization, Description and so on. Using this
information enables the dialog manager to react adequately.

In our domain, missing information in an utterance can
often be acquired from the scene. For example the utterance
“look at this” and a pointing gesture to a table will be
merged to the meaning “look at the table”. To resolve this
meaning, we also use hints of co-verbal gestures in the
utterance. The SSU Potential_gesture indicates a relation
between speech and gesture. Words as “this one” or ‘“here”
indicate the potential existence of a gesture. The timestamp
of the utterance enables temporal alignment of the gesture.
Since gesture recognition is expensive in computing time and
often not well-defined such linguistic hints can reduce these
costs dramatically. The utterance “that” can also represent an
anaphora, and is analyzed in both ways, as anaphora and as
gesture hint. Only if there is no gesture, the dialog manager
will decide that the word probably was used in an anaphoric
manner.

A converter forwards the result of the mechanism as an
XML-structure to the dialog manager. A segment of the
result for the dialog manager is presented in Figure 4. With
the category-descriptions the dialog-module can react fast on
the user’s utterance without any further calculation. It uses
them to create inquiries to the user or to send a command to
the robot control system, such as “look for a gesture”, “look
for a blue object”, or “follow person”. Figure 2 illustrates
the entire architecture of the speech understanding system.
If the interpreted utterance does not fit to any category
it gets the value fragment. These utterances are currently
interpreted in the same way as partial understandings and
the dialog manager asks the user to provide more meaningful
information.

C. Examples from real data

In the following we will briefly outline the semantic
analysis of real data. The utterance examples in figure 6
are excerpts from the evaluation setting between a human
and BIRON (see section V). Pauses are marked with an
‘->. The utterance of Userl could be fully analyzed. First,
BIRON gets an instruction to look at an object: cup. It
also gets information about a potential gesture. Scene and
speech input now are joined and stored in the memory. After
focusing at the cup by using gestural information about the
position, the robot declares, that it found the cup. The same
mechanism proceeds with the second utterance. As the user
pauses inside the utterance, the speech understanding system
uses the history information to merge all parts together.
The mechanism also ignores the second article “a”. As
we didn’t expected meta-comments in this stage, neither
the speech recognition nor the speech understanding system
was able to interprete the utterance correctly (missing the
entry “try”). After modifying the lexicon and SSU database
the understanding mechanism now interprets this utterance
both as meta-comment as well as “trying x” ( while x can
be detected by gestural hint). The utterances of User2 are
interpreted similarly.

The first utterance of User3 is interpreted as the ability to
walk in this room. In this case the system does not distinguish
between a question and a statement. In both cases, the robot
can verify the utterance with its internal knowledge about its
abilities and can answer yes or no. As the user also might
have asked “you can walk in this room?”, where no syntactic
difference to a statement can be found, this approach seems
to be suitable. Adding prosodic information might be more
helpful for dissolving and could be considered by the scoring
function.

In the example of User4 BIRON answers with “I can move
to another location, I can follow you, and if you show me
something I can remember it”. Then it starts to dissolve the
gestural hint. After User5 instructed to stop BIRON stops
moving (the word “fine” is simply ignored as it is unknown).
Then BIRON answers that its name is BIRON. The third
utterance could not be recognized properly. The semantic
analysis would interprete the utterance only partially, as “got”
and “hobbies” are not in the lexicon. It would interprete the
utterance as Possess:Owner:you.

D. Dynamic Topic Tracking

To improve our system with respect to situation aware-
ness, our robot-system also includes dynamic topic tracking
(DTT). Therefore, the speech understanding system allows in
combination with the dialog system explicitly uttered topic
changes and references (e.g., “let us talk about the kitchen”).
The DTT also uses implicit information about topic changes,
e.g., utterances as “follow me” or information about the
user’s reorientation by looking around, often indicate a topic
change. Discourse information and other multi-modal infor-
mation is also used to topically segment the user utterances.
For explicit topic tracking the system provides the SSUs
Topic, Theme, Change_topic, Talk_topic, and Question topic.



Fig. 5.

User interacting with BIRON.

Using these SSUs the system is able to interprete utterances
as “what are we talking about” or “let us change the topic”
and therefore support situation awareness.

E. Conclusion and Outlook

Our approach has various advantages when dealing with
spontaneous speech. The system can process incomplete or
grammatically incorrect utterances and furthermore, rate the
semantic coherence via the scoring function. Repeated words
as in the utterance “look - look here” do not interfere the
mechanism. Corrections inside an utterance as “the left - em
right cube” are analyzed correctly (preferring the rightmost)
and the system also deals with pauses inside utterances by
integrating former parts of utterances stored in the history.
In our system we also use scene information to evaluate the
entire correctness so that we do not only have to rely on the
speech input. In case of doubt the dialog-manager requests
to the user.

For future work it is planned to integrate additional
information sources, e.g., inquiries of the dialog manager to
the user. The module will also store these information in the
history which will be used for anaphora resolution and can
also be used to verify the output of the speech recognition.

V. EVALUATION

For the evaluation of the entire robot system BIRON we
recruited 14 naive user between 12 and 37 years with the
goal to test the intuitiveness and the robustness of all system
modules as well as its performance. Therefore, in the first of
two runs the users were asked to familiarize themselves with
the robot without any further information of the system. In
the second run the users were given more information about
BIRON’s functions.

Having a closer look at the dataset gathered by the ex-
periment, we observed similar results as described in section
II. Users mostly utter short phrases. They tend to pause in
the middle of an utterances, especially, when a gesture is
involved, as in “look — this — is a cube”. They also often
uttered so called meta-comments as “oh — actually”, “that’s
fine” or “let’s try that one”. As the subjects were non-
native English speaker, they also commentated in their native
language German, which caused severe speech recognition
errors. Many users also changed their behavior, depending
on how much BIRON could understand. First, they talked to
it in a normal way. Repeating an utterances the first time,

Userl: Look here robot - a cup.

Now look here a - a keyboard.
Let’s try that one. ...

Robot look - do you see?

This - is a cow. Funny.

Do you like it? ...

Can you walk in this room?
How fast can you move? ...
What can you do?

Oh - so what is that? ....
Please stop here - stop moving - fine.
What is your name?

Have you got any hobbies? ...

User2:

User3:
Useré4:

User5:

Fig. 6. Excerpts from user utterances during the experiment.

they hyper-articulate words and also speak louder. Some of
them switched to baby-talk style, e.g., “BIRON look — do
you see — this — is a cow. Fine. Do you like it?”. In figure 6
some excerpts of the dialogs during the experiment settings
are presented.

Thus, not surprisingly the speech recognition error rate in
the first run was 60% which decreased in the second run
to 42%, with an average of 52%. This high error rate was
also a result of our experiment setting as we wanted to test
the intuitiveness and robustness of the entire System. As we
also wanted to evaluate the intuitiveness of the entire system,
subjects were not informed about the vocabulary and the
kind of utterances the system can understand. To avoid this
high error rate in future we will improve BIRON’s personal
character to make more visible the internal states and of
the robot and its abilities. But in the case of intuitive and
complex interaction the high error rate also proves the need
of robust speech understanding.

As to the speech understanding part, we wanted to get
information about its robustness especially in the way it
interprets the speech recognition output: the correctly recog-
nized utterances and also the misrecognized utterances. The
semantic speech processing received 1642 utterances from
the speech recognition system. In total the interaction time
was 151 minutes with an average of 5 minutes 14 seconds
per user. The speech understanding system processed all
utterances and performed on a standard PC with an average
processing time of 20ms, which fully fulfills the require-
ments of real-time applications. As speech recognition not
always guarantees correct results especially with spontaneous
speech, the understanding mechanism is underlying a rating
function. 22% of the results were rated as complete mis-
understandings, 17% as partial understandings or could not
be assigned to a discourse pattern (mostly single words)
and therefore not be processed by the dialog manager, and
61% as correct utterances with full semantic meaning. Thus,
the speech understanding component was able to recover
substantially from the speech recognition errors and also to
improve robustness. Comparing the error rate of the speech
recognizer with the rating output of the speech understanding
system (see table I) we can detect that the system was
able to reduce the high error rate and moreover to decide
between senseful and senseless speech recognition output.
Only 4% of the utterances which were correctly recognized



| [ASR] [ASU]|
false |52% || not interpretable |39%
(non + partial)
correct | 48% || interpreted (full) | 61%
by dialog manager

TABLE I
SPEECH RECOGNITION ERROR RATE COMPARED TO SCORING OF
SEMANTIC INTERPRETATIONS.

were misinterpreted or refused by the speech understanding
system. Most errors occurred due to missing words in the
lexicon. We will also use these results to verify and adjust
the generated structures. and thereby improve the SSUs.

On the other hand, many utterances which were only
recognized partially correct still could be interpreted seman-
tically and this also holds true for ungrammatical utterances.
For example users uttered syntactically incorrect utterances
as “look here BIRON look left” (interpreted as “look:
(potential_gesture (person: BIRON) (orientation: left))”), “ a
book this is”, or “look cow”. These utterances still could be
transformed into a unique semantic meaning. There are many
utterances which were slightly misrecognized as one word is
misunderstood or noise of the environment is interpreted as
extra speech input. This kind of speech recognition output
could also be transformed into uniform semantic structures.
Thus, the speech understanding component was able to
recover substantially from the speech recognition errors and
also to improve robustness (see table I).

VI. CONCLUSION AND OUTLOOK

In this paper we have presented a new approach of
robust speech understanding for mobile robot assistants. This
mechanism combined with the use of SSUs has several ben-
efits. First, speech is interpreted even if speech recognition
does not always guarantee correct results and speech input
is not always grammatically correct. Secondly, the speech
understanding component incorporates information about
gestures and references to the environment. Furthermore, the
mechanism itself is domain-independent: both, concepts and
lexicon can be exchanged. This semantic analysis already
produces elaborated interpretations of utterances in a fast
way and furthermore, helps to improve robustness of the
entire speech processing system.

We are now planning new experiments to evaluate the
understanding mechanism without limitation by the speech
recognition system. Our goal is to evaluate the entire variety
of utterances unexperienced users may express to BIRON.
Additionally, the dynamic topic tracking will be tested within
the setting. The user may utter explicit topic changes, i.e.,
“let us talk about food”. We will also use the evaluation
results to improve the SSUs to get better results for the
semantic interpretation and to prevent false connections.
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1 Research Interests local effects on their previous exchanges. Each contribu-
] o ) ] tion of both the user and the robot is categorized in terms
My research interest lies imulti-modal dialog man- ot is roles, i.e., if it initiates an exchange of a certain re-
agement systemgor human-robot interaction. More |ation to the previous exchange or if it is the acceptance
specifically, | am interested in multi-modal dialog man-uf 4 existing one. According to this role, either a new
agement systems fanobile, personal service robots exchange is pushed onto the stack or an old one (or a
with learning capabilities that work at home of humans. group of old ones) is popped because it reaches the status
"grounded”. To systematically integrate multi-modality
1.1 Past, Current and Future Work processing into the dialog | proposed to represent the
I am working for the EU-funded project COGNIRON agents’ dialog contribution as a two-layered structure: the
(Cognitive Robot Companion). The goal of this project ignteraction unit On the domain layer a communicational
to develop autonomous, personal robots that can increasgention is conceived and on the conversation layer lan-
their knowledge about theal-world by interacting with  guage in verbal and non-verbal form is generated accord-
humans. For example, in one of our key-experiments, thieg to the communicational intention. The domain layer
home-tourthe user shows a newly purchased robot hes the interface of agents to their back-end applications (or
home to prepare it for future tasks. When the user saye her cognitive capacity in case of human agent). During
“This is my computer” and points to it, the robot shouldthe dialog, the robot agent studies the verbal and non-
be able to link the verbally specified name of the objecterbal information contained in the conversational layer
with “real-world features” of the object. In particular, it of the user's interaction unit and then transfers this in-
should (1) understandser’s intention with the symbolic formation to the robot control system by creating an in-
name “computer”, (2) detects the object computer in thteraction unit for its own. After receiving the response
current scene according to her gesture, (3) add this obf the robot control system the robot agent conceives a
ject into its spatial representation of the current room andommunication intention on its domain layer and gener-
(4) store all the multi-modal information about the com-ates verbal and non-verbal output. Any interpretation and
puter in its memory. The focus of my work is to developexecution failure in this process results in the creation of
a dialog management system for such interactions. new exchanges with appropriate grounding relations to
| proposed acomputational model of multi-modal the current exchange.
grounding(Li, 06) that is able to flexibly handle human-
robot dialog and integrate multi-modal information sys-
tematically into the dialog process. For the basic ground-
ing model | combined the advantages of the previous
work (Traum, 94), (Cahn and Brennan, 99) and intro-
duced the notion ofjrounding relationwhich enables
me to model the grounding process using an augmented
push-down automaton. | represent interlocutors’ contri-
butions as exchanges, i.e., pairs of contributions. They
achieve the state “grounded” only if the acceptance of Figure 1: Robots BIRON and BARTHOC
the presentation is available which depends on the com-
munication success and the robot task execution status.This model was implemented on the mobile robot
These exchanges are organized in a stack and the grouBdRON and ported to the humanoid robot BARTHOC
ing status of the whole stack is dependent on the stat(Big. 1). The details of the realization of multi-modal
of the individual exchanges and the grounding relationsandling is described in (Li, 05). My next step is to real-
between them. | introduced 4 types of such relatiales ( ize automatic user adaptation for the dialog management
fault, support correctanddeletg and they can also have system to increase the usability of our robots.




2 Applications and Challenges in Spoken ity. Thirdly, the question of evaluation. Many modules of
Dialog Systems Research a robot system run complex algorithms, claim plenty of
computation time and are subject to environmental con-
The next killer application is mobile, personal robots  ditions, e.g., lighting conditions, noise, size of doors, ob-
with learning abilities. Such robots differ from other stacles etc. For the dialog system, this means that the cor-
applications in several ways: Firstly, the issue of knowl+ect interpretation and transaction of user utterances is by
edge. In most dialog applications the system possessag means a guaranty for a prompt response or successful
more information than the user (e.g., train schedule apask execution. Thus, the performance of the dialog sys-
plications) or has the same mental concept as the ugem can not be directly measured with the performance of
(e.g., cooperative planning systems). In the home-toiihe overall system. New evaluation methodologies have
scenario, however, the roles of the user and the systdmbe defined for human-robot dialog systems.
are reversed: the robot has to build mental concepts onl ) ) ]
according to what the user says or does. Secondly, TI% Suggestions for Discussion
issue of multi-modality. The multi-modality of human-
robot interaction is different from that in applications like
multi-modal PDAs in that the robot has to observe human e Advantages and challenges of multi-modal dialog
non-verbal behavioanobtrusivelyand infer their mean- systems that incorporate vision-based technologies
ings in the current conversational context. Thirdly, the
issue of situatedness. A robot is situated in the real world
and has to be able to handle real objects and qualities.
Concepts like form, color, weight, distance, etc. can not
be only realized on the symbolic level, but need to be
grounded like in humans. This point differentiates robotRReferences

from _most virtua_l agents. AII these three issues effecté_ Li, B. Wrede, and G. Sagerer 2008.computational
the dialog modeling strategies. model of multi-modal grounding for human-robot in-
Impact of this application: A mobile personal robot  teraction in Proc. 7th. SIGdial Workshop on Dis-
with learning abilities can be viewed as the most intelli- course and Dialogue.
gent computer applications because it could adapt itsedf, Li, A. Haasch, B. Wrede, J. Fritsch, and G. Sagerer
both to the environment and to its user. It could learn 2005. Human-style interaction with a robot for coop-
where is the living room, learn to cook spaghetti and re- erative learning of scene objegt$roc. Int. Conf. on
member the football match schedule. And the best thing Multimodal Interfaces.
is, if the user moved into a new house or fell in love withD, Traum. 1994.A Computational Theory of Ground-
Chinese food she did not need to re-program the robot, ing in Natural Language ConversatiorPh.D Thesis,
she just needed to say “Look, BIRON, this is my new University of Rochester.

living room, and please serve dumpling for lunch.” J. E. Cahn and S. E. Brennan. 1998.Psychological
Questions that need to be answered: Firstly, the Model of Grounding and Repair in DialogProc. Fall
separation of dialog planning from task planning. Itis es- é999 AAAI S_ympOélulrlné)n P.SVCQOIOQ'CaI Models of
sential to enable the dialog system for a learning robot to ommunication in Collaborative Systems.
handle djalog without much domain kngwledge. I_tShOUICBiOgraphiCGJ Sketch
be possible to at least externally configure the interface
to the domain task execution and the response genera
so that it can be easily updated or replaced. Second
the question of usability. A robot is a highly complex
system with a large number of modules working coop|
eratively. Technical necessities can sometimes result
serious usability problems. For example, it is necessa
for BIRON to shut down its speech recognizer if it ca University of Cologne, Ger-
not “see” theuser's face because it should only proces many (2003) and her Bachelor
speech if there is a dialog partner around. This meart3egree in German Language and Culture at the Univer-
if the face detector fails BIRON will not “listen to” the Sity Qingdao, China (1998). From 1997 to 2004 she re-
user at all. For the user, BIRON just stops to react fo@@ived three awards from the Bavarian State Ministry of
unknown reasons. Such “chain reactions” are not rargcience, Research and the Arts (Germany), Siemens Cor-
and can become serious usability problems. Therefore p@ration and German Academic Exchange Service, re-
compromise has to be found between technics and usaliPectively.

¢ Advantages and limitations of Wizard of Oz studies.

e How to bridge the gap between dialog research in
different application fields
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Abstract

Verbal and non-verbal interaction capabilities for
robots are often studied isolated from each other in
current research trend because they largely contribute
to different aspects of interaction. For a robot compan-
ion that needs to be both useful and social, however,
these capabilities have to be considered in a unified,
complex interaction context. In this paper we present
two case studies in such a context that clearly reveal the
strengths and limitations of these modalities and ad-
vocate their complementary benefits for human-robot
interaction. Motivated by this evidence we propose
a powerful interaction framework which accounts for
flexible multi-modality management in complex inter-
actions.

Introduction

Humanoid robots are viewed as unique platforms for
developing human-like capabilities for machines. Based
on their appearance and their hardware equipment
these robots are likely to exhibit believable, human-like
behaviors which facilitate a smooth and intuitive inter-
action with human users. At present, two main research
strands can be observed in the field of interaction study.
The first strand emphasizes the emotional and social
expressivity of non-verbal behaviors and targets at the
modeling of human-like behaviors for robots whose sole
purpose is to engage human users in social interaction
(Breazeal 2002) (Kanda et al. 2002). Their evalua-
tion focus is often how enjoyable or human-like the in-
teraction is for the user. The second strand concerns
the development of conversational systems for robots
(Matsui et al. 1999), (Lemon et al. 2001), that provide
services for human users and communicate with them
mainly using speech. In their evaluations mainly the
efficiency and success ratio of the (mostly) task-related
interaction are tested. Although the issues of these two
strands contribute both to the human-robot interaction
(HRI) research they are largely studied in an isolated
manner.

The focus of our work is to develop an interaction
framework for our robot companion BIRON (The Biele-

Copyright (© 2006, American Association for Artificial In-
telligence (www.aaai.org). All rights reserved.

feld Robot Companion). A robot companion is a robot
that should be able to both accomplish useful tasks and
behave socially (Dautenhahn et al. 2005). It is thus es-
sential for us to take into account both task-related and
social factors of interaction which requires a combina-
tion of the two research strands. To achieve this goal
we first have to clarify the advantages and disadvan-
tages of verbal and non-verbal modalities in a complex
interaction context so that we can use the appropri-
ate modality for different purposes. Researchers in the
first strand tend to argue for the general importance
of non-verbal behaviors. For example in case of facial
expressions, it is argued in (Breazeal 2002) that human-
like expressions are easy to understand for human users.
The author of (Billard 2005) holds the view that a face
can give user clues as to the ability of the robot. For
example, a two-year-old face implies less cognitive ca-
pability than a adult face. In contrast, researchers in
the second strand emphasize more the importance of
speech which is, almost indisputable, the main channel
to communicate task-related information between the
user and the robot. In our view, the issue of strengths
and limitations of modalities should not be discussed
in an isolated context. Instead, we should draw con-
clusions from real, complex human-robot interaction
where both task-related and social aspects are mani-
fested. More specifically, the robot can be configured to
communicate these aspects only in either verbal or non-
verbal modality because this may result in an subopti-
mal interaction which reveals limitations of the involved
modality and also possible complementary advantages
of other modalities. In this paper we report our obser-
vations made during a user study with BIRON which,
at the time of the study, could only generate verbal
feedback. From these observations we draw conclusions
clearly in favor of developing additional non-verbal feed-
back capabilities for BIRON because of benefits that
can not be derived only by speech.

Having realized the importance of both verbal and
non-verbal robot behaviors in HRI we need an in-
teraction framework that can handle these behaviors
in a flexible way. Researchers in the field of vir-
tual agents have been developing such systems since
decades and have proposed many sophisticated ap-



proaches which, similar as in HRI, can be classified in
two categories. The first category focuses on the opti-
mal animation of synchronized, multi-modal behaviors
for virtual characters in individual utterances and ad-
vocate an relatively static architecture-based approach.
Based on (Thérisson 1997) and her own earlier work,
Cassell (Cassell 2000) proposed a generic architecture
for virtual agents and implemented it for REA (real
estate agent) (Cassell et al. 2000). In this architec-
ture, the Input Manager collects input from all modal-
ities. Data that requires instant reaction is sent via
Hardwired Reaction to the Action Scheduler that gen-
erates multi-modal output in a synchronized manner.
Input data that needs deliberate discourse processing is
forwarded to the deliberative module for interpretation
and response generation. The second category concerns
approaches that focus on the whole process of commu-
nication with multi-modality as different forms of con-
tribution. Traum (Traum & Rickel 2002) proposed a
multi-modal conversational model based on the infor-
mation state theory (Larsson & Traum 2000) which is
a powerful mechanism to model complex conversation.
His model consists of 11 layers and sublayers represent-
ing different aspects of conversation and the state of
these layers can be changed by dialog acts in verbal
or non-verbal form. This model, thus, accounts for
multi-modality in a very complex dialog context. In this
paper we present a multi-modal interaction framework
which attempts to avoid the problems and combine the
advantages of the both approaches above.

The rest of the paper is organized as follows: section
reports the observations we made during a user study
with BIRON and section presents our multi-modal in-
teraction framework. Finally, section summarizes the
necessity of incorporating verbal and non-verbal inter-
action capabilities into HRI and the strength of our
approach.

Observations

Our robot BIRON is a personal robot with social learn-
ing abilities. It can detect and follow persons, focus on
objects (according to detected deictic gestures of the
human user), and store collected multi-modal informa-
tion into a memory. Our implementation scenario is the
so-called home tour: a user bought a new robot from
a shop and shows it her home to prepare it for future
tasks. The robot should be able to learn and remember
features of objects that the user mentions and it “sees”,
e.g., name, color, images etc. For example, if the robot
learns how the favourite cup of the user looks like and
where it is, it can fetch a cup of tea with it for the user
later. This scenario is is also a learning scenario for the
user because she interacts with a complex robot system
for the first time. Lacking knowledge about its capabil-
ities the user has to totally rely on the robot’s ability
to explain things itself.

The user study we conducted was originally intended
to test various features of two new modules that we
integrated into the system. Although the interaction

system with the capability to handle input and output
of different modalities was already integrated, the robot
face, which was intended to be the main non-verbal
feedback media, was not yet completed so that it was
excluded from the study. We recruited 14 subjects aged
from 20 to 37 from the Bielefeld University. None of the
subjects had interacted with BIRON before. They were
just told to try out BIRON'’s functionalities without any
knowledge about BIRON’s technical limitations. With
this setting we intended to simulate the situation of
the “innocent user” in the home tour. In average, each
subject interacted with BIRON more than 7 minutes.
After the interaction the subjects were asked to fill out
a questionnaire. The quantitative results of this study
are discussed in (Li, Wrede, & Sagerer 2006b). For the
purpose of this paper, we only focus on the observations
that we made as a third person and report two cases
that illustrate the limitation of the speech modality that
can be compensated by non-verbal modalities.

Case one: meta-commentators

The interaction system of BIRON is able to assess the
performance of the robot in the runtime and take initia-
tive (approximately every four user-robot-exchanges) to
generate output to praise or comfort the user according
to the assessment results. This feature was designed
to show users some level of social awareness of BIRON
which should motivate them and also make the inter-
action more enjoyable.

During the experiment we observed differences in in-
teraction styles among the subjects which result in their
different reactions to this feature of the system. Our
scenario of home tour has an explorative nature for
subjects because they do not have much pre-knowledge
about the robot’s capabilities, including its language
capabilities. Therefore, most subjects started the inter-
action by saying things to see the reaction of BIRON
which often caused out-of-vocabulary errors in speech
recognition at the beginning of the interaction. The
interaction system of BIRON then asked the user to
rephrase or try again and also, from time to time, com-
fort her with utterances like “I know it is sometimes
difficult with me, but don’t feel discouraged!”. This
behavior turned out to be an effective means to re-
duce frustration level for the majority of subjects (as
revealed by the questionnaires (Li, Wrede, & Sagerer
2006b)). However, as we observed, it is also this behav-
ior that caused more frustration in some other users.
These were “meta-commentators” who tended to reply
to such apologies by saying, e.g., “I'm already discour-
aged.” or “Apology has no use.” etc. These com-
ments were most times out of vocabulary of the robot
which caused even more speech recognition errors and
apologies from the robot. The upshot of this spiral of
robot speech was, from the perspective of the meta-
commentators, it apologized for its performance far too
often and the whole interaction entered into a dead-lock
around the apologies.

Now we seem to be in a dilemma: the robot’s com-



ments on its own performance are basically a good idea
but for some users they cause more trouble than gen-
erate benefits. Since we have to account for different
users we need to find out what of the robot should be
improved to solve this problem. We can identify two
features of the speech modality, which we used to con-
vey the social awareness, as possible reasons for the
problem: reciprocity and obtrusiveness. Verbal conver-
sation is a social act and is subject to social conven-
tions. If one utters something the conversation partner
usually has the obligation to reply (Clark 1992), often
using the same modality. Since the robot issued the
apologies verbally it is natural for the subjects to also
reply verbally. For us, however, it is difficult to pre-
dict what should be included into the robot’s vocabu-
lary because the content of the reply is highly person-
dependent. Additionally, speech is obtrusive in general
because the listener is more or less “forced” to listen to
it given the conversational convention of turn-taking. In
human-machine interaction it is also often the case that
the machine is not able to execute other tasks before the
current issue is resolved. Thus, the meta-commentators
had to repeatedly listen to the apologies and barging in
caused even more speech recognition errors. The so-
lution to the problem, therefore, lies in replacing the
verbal apologies with non-verbal ones.

The strength of non-verbal feedback is its unobtru-
siveness because users can decide themselves whether
or not she pays attention to these behaviors. Besides,
non-verbal behaviors generally do not impose so strong
obligations to reply on the interaction partner as speech
so that the potential for unexpected replies is reduced.
Additionally, non-verbal feedback can be demonstrated
in parallel to speech which enables a fluent task-oriented
conversation without losing social capabilities of the
robot. In our case what can help is, e.g., a robot face
that is able to demonstrate apologizing facial expres-
sions and grows more and more sorrowful while the in-
teraction quality gets worse. At a certain point speech
can also be involved to make the concern of the robot
more explicit. Thus, the robot is able to regulate its
social-aware behaviors according to the severity of the
situation.

Case two: quiet speakers

As a situated computer device (Brooks 1989) a robot
can not take it for granted that the user is permanently
present and willing to interact with it. We therefore de-
veloped a Person Tracking and Attention system (PTA)
for BIRON (Lang et al. 2003) that can detect humans
and interpret their interaction intention by searching
and analyzing the (combination of) perceived human
legs, voice location and face direction. The speech rec-
ognizer is activated only if the PTA identifies the inter-
action intention of a human user, i.e., if the status of the
the robot system is changed from “Person detected” to
“Communication Partner (CP) detected”. This policy
makes sense because it prevents the robot from erro-
neously attempting to interact with the user if the user

is talking with another person or it is just the radio
on. For the interaction system of BIRON, however, this
means, several requirements have to be met before the
processing of user speech begins: (1) the person has a
reasonable distance to the robot; (2) the person stands
straightly; (3) the person is looking at the robot’s cam-
era; (4) the person speaks clearly and reasonably loud
and (5) the robot correctly receives and analyzes all the
incoming signals. In the real system operations these
requirements sometimes may not be fulfilled which has
serious consequences on the interaction.

Our speech recognizer is trained with male voices
and, therefore, does not work particularly well with fe-
male voices. One of our female subjects spoke with very
low voice in high pitch so that the speech recognizer
most of the time interpreted her voice as noise and did
not forward it for further processing. Puzzled by no re-
action from the robot, the subject looked frequently in
the direction of the experimentator and asked why the
robot did not react. Knowing that her own voice could
also influence the robot’s perception of the environment
the experimentator tried to use gesture to make clear
that she could not intervene. The subject seemed not
to be able to interpret the meaning of experimentator’s
gesture and, therefore, went a few steps towards the ex-
perimentator so that she was out of the range where the
robot could perceive her as a human. Then the subject
came back and tried again, in vain. In this whole pro-
cess, although the robot went through different internal
states (Person detected, CP detected, CP lost, Person
lost, Person detected, CP detected), there was no visi-
ble reaction from the robot for the subject which was a
very frustrating interaction experience for her.

The problem of this case is that we had no means to
convey the internal states to the subject before the ac-
tive interaction starts. With our only available modal-
ity speech we only had two possibilities. The first one is
to make the robot to report its internal state every time
when it is changed. However, this can mislead users to
believe that a connection to the robot is already estab-
lished which is not true because these states only rep-
resent the robot’s perception and a connection is only
established when the robot receives explicit speech from
the user. The second possibility can avoid this problem
by giving users the impression that the speech output
on the state changes is some routine output from the
robot: it can repeatedly generate output like “I saw
you, I saw you, I saw you...”. This is obviously not
really an option with the speech modality, but a good
solution if the robot had non-verbal feedback capabil-
ities. Non-verbal behaviors can be effectively used to
represent static information which is occasionally up-
dated. In our case, these behaviors can help users to
understand how the robot perceives a human and, if
needed, to adjust her own behaviors, e.g., not walking
out of the view of the robot.

Speech can convey complex semantic information and
is therefore indispensable for both human users and



robots to communicate in a task-related context. How-
ever, as our case studies show this modality reaches its
limit when the robot also has to simultaneously demon-
strate its internal awareness of human user’s possible af-
fective status and physical presence. Thus, for a robot
companion that should be able to carry out useful tasks
and behave socially, both verbal and non-verbal modal-
ities have to be included into its interaction framework.

A multi-modal interaction framework

In this section, we propose an interaction framework
that is able to handle multi-modal input and output in
a flexible way. This framework is based on a computa-
tional model of multi-modal grounding (Li, Wrede, &
Sagerer 2006a) and is designed for face-to-face human
interaction with robot companions.. The central idea
of our approach is to represent individual interaction
contributions as Interaction Unit and organize them
based on the principle of grounding. In this section,
subsection first discusses problems of conventional ap-
proaches, subsection describes our framework of multi-
modal interaction and subsection summarizes the ben-
efits of this framework.

The background

Interaction systems operate with so-called contribu-
tions, i.e., the input from the user and output to the
user which both can change the state of the system and
probably trigger further actions. Most systems repre-
sent these contributions directly with user/robot utter-
ances or their non-verbal behaviors. The assumption of
this view on contribution is that each input or output
in whatever modality conveys a meaning that should be
expressed. This assumption has two problems. Firstly,
it is difficult to explain the role of simultaneous verbal
and non-verbal contributions because the relationship
between the meaning they convey is variable. For ex-
ample, Scherer (Scherer & Wallbott 1979) stated that
non-verbal behavior can substitute, amplify, contradict
and modify the meaning of the verbal message. Iver-
son et al. (Iverson et al. 1999) studied human gestures
and identified three types of informational relationship
between speech and gesture: reinforcement (gesture re-
inforces the message conveyed in speech, e.g., emphatic
gesture), disambiguation (gesture serves as the precise
referent of the speech, e.g., deictic gesture accompany-
ing the utterance “this cup”), and adding-information
(e.g., saying “The ball is so big.” and shaping the
size with hands). Taking each input or output as the
contribution can hardly account for these various rela-
tions between the verbal and non-verbal messages. Sec-
ondly, treating verbal and non-verbal input and output
as equal contributions means that they have to share
the same semantics. However, some modalities may pri-
marily convey semantic information, e.g., speech, while
some other modalities more affective information (e.g.,
facial expression). They can hardly share the same se-
mantics and it is even more difficult when they hap-
pen simultaneously. Most current studies bypass these

problems by adding modules that accomplish the addi-
tional analysis which result in, in our view, a heteroge-
neous structure of the framework.

The interaction framework

Rather than directly taking verbal and non-verbal be-
haviors as individual contributions we go one level
deeper and propose interaction intention as the basic
contribution. Note, we adopt a relatively broad defini-
tion of intention here: motivation of behaviors that can
evoke interaction behaviors in other persons. Accord-
ing to this definition also emotions that are manifested
in some way can be viewed as an interaction intention
if other persons react to it. For example, if Tom looks
sad and Jane asks “Are you OK?”, then Tom’s sad-
ness is also an interaction intention. Of course, Tom
may not intend to communicate his sadness originally,
but the act of interaction between Tom and Jane is al-
ready established. Thus in this case, we also view Tom’s
sadness as interaction intention. As to the relations be-
tween intention and the manifested interaction behavior
we draw upon findings of cognitive science on the pro-
cess of multi-modal language production. Levelt (Lev-
elt 1989) identified three phases of language production:
conceptualization, formulation, and articulation. The
production of an utterance starts from the conception
of an intention and the semantic organization in the
conceptualization phase, and then the utterance can be
formulated and articulated in the next two phases. In-
tentions can arise from the previous discourse or from
other motivations such as needs for help or information.
This is to say that the intention is the driving force
of interaction. Evidence for the assumption that the
verbal and non-verbal conversational behaviors are two
surface forms of the underlying intention is delivered by
McNeill (McNeill 1992), who stated that the production
of speech and conversational gesture is governed by one
single “idea unit”. These findings motivate us to set
up a two-layered structure to represent contributions:
Interaction Unit (IU).

Each IU consists of one Intention Layer and one Con-
versation Layer. On the Intention Layer (ILayer), an
intention as defined above is conceived. For a robot the
intentions come from the analysis of the previous dis-
course or from the other modules of the robot system.
On the Conversation Layer (CLayer), this intention is
formulated and articulated '. Two generators (verbal
and non-verbal generator) on this layer are responsible
for generating spoken language and non-verbal behav-
ior according to the intention conceived, respectively.
These two layers represent the intention conception and
the multi-modal language generation process, respec-
tively. The structure of the IU is illustrated in Fig. 1.

According to this model, interaction partners partici-
pate in an interaction by generating such IUs and reply

!Since most robot systems use speech synthesizer to gen-
erate acoustic output which replaces the articulation pro-
cess, only formulation is performed on this layer.
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Figure 1: The structure of an Interaction Unit (IU)

to IUs of the partner. Since one either initiates an ac-
count or replies to the account of the other during an
interaction their intentions can be either self-motivated
or other-motivated. Both the user and the robot can
generate self-motivated IUs when she/it feels it needs
to be. For a robot, self-motivated intentions can be
triggered by other modules of the robot system, e.g.,
perception modules that have just detected a human
presence. In this case, an IU can be created with its
ILayer importing the message from the robot module
and exporting an intention. This intention is trans-
fered to the CLayer which then formulates a verbal
message with the verbal generator and/or constructs
a non-verbal expression with the non-verbal generator,
e.g., saying “Hello, human” and smiling. Note, the ver-
bal and non-verbal generator do not always need to be
simultaneously instantiated. It depends on the initia-
tor of the IU to choose the appropriate modalities to
express the intention. Other-motivated intentions can
be triggered by the needs of the on-going interaction,
e.g., the need to answer a question, or be triggered by
the robot’s execution results of the task specified pre-
viously by the user. When a robot replies to a human
user’s IU, as illustrated by the UML activity diagram
in Fig. 2, it first has to understand the human user’s
intention by studying the CLayer of her IU. Here it only
studies the instantiated generator, i.e., if user speech is
perceived which means the verbal generator is instan-
tiated, then this generator has to be studied; if both
generators are instantiated, both have to be studied.
The goal of this study is to figure out the underlying
intention of the user. If the user intention can not be
recognized the robot should clarify this. This clarifica-
tion intention is then used by the robot to build an IU
that, e.g., verbally utters “pardon?” wusing its verbal
generator and/or constructing a questioning face with
its non-verbal generator. If the intention can be recog-
nized the robot can go on to transfer the user intention
to the responsible module of the robot system and wait
for its response. Once the response is available, the in-
teraction system can proceed to create its own IU with
the intention that is conceived based on this response.

These IUs have to be put into the joint interaction
discourse which records the content of the interaction so
far and regulates the interaction with rules. We employ
the principles of grounding that were first proposed by
Clark (Clark 1992) to organize the discourse. For the
reason of space we only briefly summarize its essentials
here (for details see (Li, Wrede, & Sagerer 2006a)). The

04{ study instantiated generators on the CLayer of user’s IU ]

intention recognized?

conceive clarification intention transfer user intention to
for self ILayer other robot modules

conceive intention based on
robot module response
for self ILayer

[ instantiate verbal and/or non-verbal generator on self CLayerj

generate output

Figure 2: UML diagram for the processing steps of an
other-motivated IU

notion of grounding states that during a conversation
the agents need to coordinate their mental states based
on their mutual understanding about the current inten-
tions, goals and tasks. He termed this process “ground-
ing”. Furthermore, a speaker can only be sure that
her account (Presentation) was fully understood if her
conversation partner provides some evidence of under-
standing (Acceptance), i.e., if the “common ground” is
available. Only then will the speaker be willing to pro-
ceed to another account. Since face-to-face HRI bears
the essential features of a conversation (namely reci-
procity), we extend this idea of grounding to account
for broader interactions. In our system we represent
a pair of contributions, i.e., a pair of IUs, as an ex-
change. These exchanges achieve the state “grounded”
only if the Acceptance of the Presentation is available
which depends on the communication success (e.g., if
the speech input is clearly understood) and the robot
task execution status. Acceptance can be implicit or
explicit which is a modification of Clark’s strength of
evidence principle and addresses the phenomena that
not all the Presentations have to be explicitly accepted
using speech. These exchanges are organized in a stack
which represents the ungrounded discourse up to the
current state. The grounding status of the whole stack
is dependent on the status of the individual exchanges
and the relations between them. We introduce four
types of such relations (default, support, correct and
delete) and they can also have local effects on their
previous exchanges. According to the execution results
of the robot system the interaction system creates con-
tributions for the robot. Each contribution of both the
user and the robot is categorized in terms of its roles,
i.e., if it initiates an exchange of a certain relation to
the previous exchange or if it is the Acceptance of an
existing one. According to this role, either a new ex-
change is pushed onto the stack or an old one (or a
group of old ones) is popped because it reaches the sta-
tus “grounded”. All the popped exchanges are collected
into a vector which records the complete interaction his-
tory. The structure of the interaction discourse is illus-
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Figure 3: The structure of the interaction discourse
(Ex: exchange; Pre: Presentation; Acc: Acceptance)

trated in Fig 3. We thus model the grounding process
using an augmented push-down automaton which ex-
hibits local flexibility. The implemented system enables
a mixed-initiative interaction style and a well-organized
discourse maintaining mechanism. It can also handle
complex conversational repair behavior which facilitates
a smooth interaction.

This framework was already implemented on
our mobile robot BIRON and humanoid robot
BARTHOC (Fig. 4) that use this mechanism to inter-
pret user conversational gestures (Li et al. 2005). Our
user study (Li, Wrede, & Sagerer 2006b) also provides
strong evidence for the flexible interaction style enabled
by this framework. In the current system, the two in-
teraction cases discussed in section are handled as fol-
lowing: For the case of meta-commentators, the system
generates an IU with only the non-verbal generator on
the CLayer being instantiated to express its regret for
doing a bad job. What the user sees is thus only a
sorrowful face from the robot. This IU initiates an Ex-
change that only requires an implicit Acceptance which
means that this Exchange is still grounded even if no
Acceptance from the user is perceived. For the case of
quiet speakers, the user’s physical presence is viewed
as a non-verbal Presentation of the user, for which the
system should provide an Acceptance. The system does
this by generating an IU that performs a certain facial
expression on its CLayer representing its internal state.
When the status of the user is changed from “Person”
to “Communication Partner”, i.e., when the user pro-
poses a new Presentation, the system generates a new
1U as Acceptance, on the CLayer of which a new facial
expression is then presented. Thus, our framework cov-
ers a broader range of interaction which distinguishes
itself from most other systems that can only account
for active interaction between the user and the robot.

Potentials of the framework

In general, our framework combines the advantages of
the two directions in interaction modeling as discussed
in section : the representation of contributions as IUs
enables a synchronized generation of verbal and non-

Figure 4: Robots BIRON and BARTHOC

verbal output and organizing IUs based on the ground-
ing principle allows flexible management of the inter-
action discourse. This framework can also be extended
in two ways. Firstly, although in our work so far we
focused on the disambiguation function of gesture to
speech which requires only a relatively simple modal-
ity fusion mechanism, a “Modality Manager” can be
added into the CLayer that accomplishes sophisticated
modality fusion and selection in the language under-
standing and generation phase, respectively. It can also
be granted access to the interaction discourse to facil-
itate its analysis. This local extension will not affect
the overall interaction management. Secondly, emotion
processing can be integrated into this framework in two
different ways. One possibility is to view it as one cri-
terion for modality fusion and selection in the Modality
Manager which means that the emotion arises basically
from the intention that is conceived on the ILayer. The
other possibility is to integrate an independent module
of Emotional Engine, the state of which also affects the
intention conception process in the interaction system.
Last but not least, the IUs can also be used to extend
interaction systems with a simple discourse manage-
ment mechanism (e.g., finite state-based) since it only
affects the representation of local interaction contribu-
tions. Since the majority of the current conversational
interaction systems running on robots are finite state-
based (Li, Wrede, & Sagerer 2006a) this concept of IUs
would enable many other robots to handle multi-modal
input and output without changing the underlying in-
teraction management mechanism.

Conclusion

In this paper we discussed the importance of taking
into account both verbal and non-verbal behaviors for
a robot by drawing upon our observations of two inter-
action cases in a user study. These observations con-
firmed the complementary benefits of these behaviors
for HRI. We also proposed a powerful interaction frame-
work that combines advantages of different conventional
approaches and can flexibly handle complex, multi-
modal human-robot interaction. After we complete the
construction of facial expressions for our robots we will
conduct new user studies to further verify our frame-
work.
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Abstract the one side and to report on the perceived envi-
ronmental changes on the other side. Otherwise
the robot had to break up the task execution and
there is no way for the user to find out the reason.

The second challenge for HRI dialog manage-
ment is theembodimenbf a robot which changes
the way of interaction. Empirical studies show that
the visual access to thiterlocutor’s body affects
the conversation in the way that non-verbal behav-
iors are used as communicative signals (Nakano et
al., 2003). For example, to refer to a cup that is
visible to both dialog partners, the speaker tends
to say “this cup” while pointing to it. The same
strategy is considerably ineffective during a phone
_ call. This example shows, an HRI dialog system
1 Introduction must account for multi-modal communication.

Natural language is the most intuitive way to com- The third, probably the unique challenge for
municate for human beings (Allen et al., 2001). ItHRI dialog management is the implication of the
is, therefore, very important to enable dialog capalearning ability of such a robot. Since a personal
bility for personal service robots that should helpservice robot is intended to help human in their
people in their everyday life. However, the inter-individual household it is impossible to hard-code
action with a robot as a mobile, autonomous deall the knowledge it will need into the system, e.g.,
vice is different than with many other computerwhere the cup is and what should be served for
controlled devices which affects the dialog modeldunch. Thus, it is essential for such a robot to
ing. Here we want to first clarify the most essen-be able to learn new knowledge and tasks. This
tial requirements for dialog management systemability, however, has the implication for the dia-
for human-robot interaction (HRI) and then out-log system that it can not rely on comprehensive,
line state-of-the-art dialog modeling approaches tdard-coded knowledge to do dialog planning. In-
position ourselves. stead, it must be designed in a way that it has a
The first requirement results from tiséuated- loose relationship with the domain knowledge.

ness(Brooks, 1986) of HRI. A mobile robot is  Many dialog modeling approaches already ex-
situated “here and now” and cohabits the samést. McTear (2002) classified them into three main
physical world as the user. Environmental changegy/pes:finite state-basedrame-basedandagent-
can have massive influence on the task executioased In the first two approaches the dialog struc-
For example, a robot should fetch a cup from theure is closely coupled with pre-defined task steps
kitchen but the door is locked. Under this cir-and can therefore only handle well-structured
cumstance the dialog systemustsupport mixed- tasks for which one-side led dialog styles are suf-
initiative dialog style to receive user commands orficient. In the agent-based approach, the com-

Dialog systems for mobile robots operat-
ing in the real world should enable mixed-
initiative dialog style, handle multi-modal
information involved in the communica-
tion and be relatively independent of the
domain knowledge. Most dialog systems
developed for mobile robots today, how-
ever, are often system-oriented and have
limited capabilities. We present an agent-
based dialog model that are specially de-
signed for human-robot interaction and
provide evidence for its efficiency with our
implemented system.



munication is viewed as eollaboration between concrete examples from the robot domain to clar-
two intelligent agents Different approaches in- ify the relatively abstract model.
spired by psychology and linguistics are in use
within this category. For example, within the 2.1  Grounding
TRAINS/TRIPS project several complex dialog _ _ _
systems for collaborative problem solving have©One of the most influential theories on the collab-
been developed (Allen et al., 2001). Here the dia®rative nature of dialog is the common ground the-
log system is viewed as a conversational agent th&'Y 0f Clark  (1992)."In his opinion, agents need
performs communicative acts. During a conver{0 coordinate their mental states based on their
sation, the dialog system selects the communicdlutual understanding about the current tasks, in-
tive goal based on its current belief about the dof€ntions, and goals during a conversation. Clark
main and general conversational obligations. Sucffmed this process ggoundingand proposed a
systems make use of communication and domaifontribution model. In this model, “contributions”
model to enable mixed-initiative dialog style andfrom conversational agents are considered to be
to handle more complex tasks. In the HRI ﬁe|d’the basic component of a conversation. Each con-
due to the complexity of the overall systems, usylribution has two phases:l%fesentatiorphase and
ally the finite-state-based strategy is empmyedanAcceptancephase. In the Presentation phase the
(Matsui et al., 1999; Bischoff and Graefe, Zooz;speaker presents an utterance to the listener, in the
Aoyama and Shimomura, 2005). As to the is-Acceptance phase the listener issues an evidence
sue of multi-modality, one strand of the researctPf understanding to the speaker. The speaker can
concerns the fusion and representation of multionly beé sure that the utterance she presented previ-
modal information such as (Pfleger et al., 2003Usly has become a part of their common ground
and the other strand focuses on the generalisatidhthis evidence is available.
of human-like conversational behaviors for virtual Although this well established theory provides
agents. In this strand, Cassell (2000) proposes @omprehensive insight into human conversation
general architecture for multi-modal conversationtwo issues in this theory remain critical when be-
and Traum (2002) extends his information-staténg applied to model dialog. The first one is the re-
based dialog model by adding more conversationggursivity of Acceptance. Clark claimed, since ev-
layers to account for multi-modality. erything said by one agent needs to be understood
In this paper we present an agent-based d|aloey her interlocutor, each Acceptance should also
model for HRI. As described in section 2, the twoPlay the role of Presentation which needs to be ac-
main contributions of this model are the new mod-cepted, too. The contributions are thus to be or-
eling approach ofClark’s grounding mechanism 9anized as a graph. However, this implies that the
and the extension of this model to handle multi-9rounding process may never really end (Traum,
modal grounding. In section 3 we outline the ca-1994). The second critical issue is taking con-
pabilities of the implemented system and presenffibutions as the most basgrounding units In

of conversation at which grounding takes place,
2 Dialog Model is the contribution. To provide Acceptance for a

contribution agents may need to issue clarification
We view a dialog as a collaboration between twoquestions or repair. But when modeling a dialog,
agents. Agents are subject to common conversaspecially a task-oriented dialog, it is hard to map
tional rules and participate in a conversation byone single contribution from one agentto a domain
issuing multi-modal contributions (e.g., by say-task since tasks are always cooperately done by
ing something or displaying a facial expression).the two agents (Cahn and Brennan, 1999). Traum
In subsection 2.1 we show how we handle con{1994) addressed the first issue by introducing a
versational tasks by modeling the conversationalinite-state based grounding mechanism and Cahn
rules based on grounding and in subsection 2.2 wand Brennan (1999) used “exchanges™ as the ba-
present how we model individual contributions tosic grounding unit to tackle the second critical is-
tackle the issue of multi-modality. In subsectionsue. We combine the advantages of their work and
2.3 we put these two things together to completgresent a grounding mechanism based on an aug-
the model description. In this section, we also pumented push-down automaton as described below.



Basic grounding unit: As Cahn and Brennan change because they start an exchange. We identi-
we take exchangeas the most basic grounding fied 4 types of grounding relation®efault Sup-
unit. An exchange is a pair of contributions ini- port, Correct and Delete In the following we
tiated by the two conversational agents. They replook at these relations in more detail and refer to
resent the idea dddjacency pair{Schegloff and exchanges with relatior to its immediately pre-
Sacks, 1973). The first contribution of the ex-ceding exchang@PE) as % exchange”, e.g., Sup-
change is the Presentation and the second contgport exchange:

bution is the Acceptance, e.g., if one asks a ques- Default The current Presentation introduces a
tion and the other answers it, then the question Iﬁew account that is independent of the previous
the Presentation and the answer is the Acceptancgxchange in terms of grounding, e.g., what Tom
In our model, a contribution only represemse  sajid to Jane constructs three Presentations that ini-
speech act. For example, if an agent says “Hellogiate three default exchanges. Such exchanges can

my name is Tom, what is your name?” this ut-pe grounded independently of each other.
terances is segmented into three Presentations (aSupport If an agent can not provide Accep-

greeting, a statement, and a question) althougfynce for the given Presentation she will initiate
_thg_y occur in one turn. These three Presentationg .. exchange to support the grounding process
initiate three exchaqges and each of them needs { 4 o ungrounded exchange. A typical exam-
be accepted by the interlocutor. ple of such an exchange is a clarification ques-
Changing status of grounding units: Also as  tion like “I beg your pardon?”. If a Support ex-
proposed by Cahn and Brennan, an exchange habange is grounded its initiator will try to ground
two states:not (yet) groundedndgrounded An  the IPE again with the newly collected information
exchange is grounded if the Acceptance of théhrough the supporting exchange.
Presentation is available. Note, the Acceptance Correct Some exchanges are created to correct
can be an implicit one, e.g, in form of “contin- the content of the IPE, e.g., in case that the lis-
ued attention” inClark’s term. Taking the exam- tener misunderstood the speaker and the speaker
ple above, the other agent would reply “Hello, mycorrects it. Similar to Support, after such an ex-
name is Jane.” without explicitely commenting change is grounded its IPE is updated with new
Tom’s name, yet the three exchanges that Tom iniinformation and has to be grounded again.

tiated were all accepted. Delete Agents can give up their effort to build a

Organization of grounding units: In accor- common ground with her interlocutor, e.g., by say-
dance with Traum we do not think that the Pre-ing “Forgetit.”. If the interlocutor agrees, such ex-
sentation of one exchange should p|ay the r0|@hanges have the effect that all the ungrounded ex-
of the Acceptance of its previous exchange. |n_Cha.ngeS from the initial Default exchange up to the
stead, we organize exchanges in a stack. The stakifrent state are no longer relevant and the agents
represents the whole ungrounded discourse: urflo not need to ground them any more.
grounded exchanges are pushed onto it and the Note, once an exchange is grounded ihisne-
grounded ones are popped out of it. One majodiatelyremoved from the stack so that its IPE be-
guestion of this representation i$¥hat has the comes the IPE of the next exchange. This model
grounding status of individual exchange to do withis described as an augmented push-down automa-
the grounding status of the whole stackliane’s ton (Fig. 2). It is augmented in so far that transi-
Acceptance of Tom's greeting has no apparent retions can trigger actions and a variable number of
lation to the remaining two still ungrounded ex- exchanges can be popped or pushed in one step.
changes initiated by Tom. But in treenter em- There are five states in this APDA and they rep-
beddingexample in Fig. 1, the Acceptance of Bl resent the fact what kind of ungrounded exchange
(utterance A2) contributes to the Acceptance ofs on the top of the stack. Along the arrows that
Al (utterance B2). These examples show that theonnect the states the input (denoted as |), the re-
grounding status of the whole discourse dependsulting stack operation (denoted as S) and the pos-
on (1) the grounding status of the individual ex-sible action that is triggered (denoted as A) are
changes and (2) the relationship between these egiven. The input of this automaton includes Pre-
changes, thgrounding relation These relations sentation (e.g., “defaultP” stands for “Default Pre-
are introduced by the Presentation of each exsentation”) and Acceptance.




AL: What do you think about Mr. Watton? an Acceptance. If it is a Presentation, the system
B1: Mr. Watton? our music teacher? ) L
A2 Yes. (accept B1) needs further to decide whether it initiates a new
B2 Well, he is OK- (accept AT) account, corrects or supports the current one, or
Figure 1: An example of center embedding deletes it. This issue of intention recognition is a
classical challenge for dialog systems. We present
our solution in section 3. The second point is that
the dialog system needs to know when to create an
exchange of certain grounding relation by generat-
ing an appropriate Presentation and when to create
an Acceptance. For that we need to first look at the
structure of individual contributions more closely
in the next subsection.

I:deleteP; S:push(ex)
|:defaultP
S:p 7S,
o,
D@/ﬂ
Default \I:acc; S:pop(ex); A:correct(IPE) |:acc; S:pop(ex) Correct

Delete
Top

W |:supportP; S:push(ex)
l:acc; S:pop(ex)
I:deleteP; S:push(ex)

2.2 The structure of agents’ contributions

l:act
I[supportP|correctP| S:pop

deleteP; S:

(ex)// I:supportP
. _qop@)
S:push(ex) s S:poP

To represent the structure of the individual contri-
butions we take into account the whole language
Figure 2: Augmented push-down automaton forgéneration process which enables us to come up
grounding (ex: exchange) with a powerful solution as described below.
The layers of a contribution: What we can
observe in a conversation are only exchanges of
As long as there is an ungrounded exchangg@gents’ contributions in verbal or non-verbal form.
at the top of the stack, the addressee will try toBut in fact the contributions are the end-product
ground it by providing Acceptance, unless its va-of 3 complex cognitive process: language produc-
lidity is deleted. For the reason of space, we onlytion. Levelt (1989) identified three phases of lan-
explain the APDA with the center embedding ex-guage productionconceptualizatiorformulation
ample in Fig. 1. Contribution Al introduces a andarticulation. The production of an utterance
question into the discourse which initiates a De-starts from the Conception ofcommunicative in-
fault exchange, say Ex1. This exchange is pushegntionand the semantic organization in the con-
onto the stack. Instead of providing Acceptanceseptualization phase before the utterance can be
to Al, contribution B1 initiates a new exchange,formulated and articulated in the next two phases.
say Ex2, with grounding relation Support to Ex1 |ntentions can arise from the previous discourse or
and is pushed onto the stack. Then contributiofrom other motivations such as needs for help or
A2 acknowledges B1 so that Ex2 is grounded anghformation. This finding motivates us to set up a
popped out of the stack. The top element of thewo-layered structure of contributions. One layer
stack is now the ungrounded Ex1. Since EX2 supjs the so-calledntention layerwhere communi-
ported Ex1, the Ex1 is updated with the infor- cation intentions are conceived. For a robot the
mation contained in Ex2 (The music teacher wagommunication intentions come from the analysis
meant) and B2 then successfully grounds this upof the previous discourse or from the robot control
dated Ex1. system. The other layer is tlwenversation layer
In our model, every exchange can be individu-The communication intentions are formulated and
ally grounded and contributes to the grounding ofarticulated here These two layers represent the
the whole ungrounded discourse by acting on théntention conception and the language generation
IPE according to their grounding relations. Thisprocess, respectively. We term this two-layered
way we can organize the discourse in a sequenastructure of contributiointeraction unit(1U).
without losing the local grounding flexibility. For ~ The issue of multi-modality: Face-to-face
an implemented system, this means that both theonversations are multi-modal. Speech and body
user and the system can easily take initiative ofanguage (e.g., gesture) can happen simultane-
issue clarification questions. To implement thisously. McNeill (1992) stated that gesture and
model, however, two points are crucial. The firstspeech arise from the same semantic source, the
one is the recognition of thaser’s contribution ———— )
Since most robot systems use speech synthesizer to gen-

type: for every u§er contrlbut.lo.n, the dialog _Sys'erate acoustic output which replaces the articulation process,
tem needs to decide whether it is a Presentation aly formulation is performed on this layer.



so-called “idea unit” and are co-expressive. Sincéhe self-motivation apart from the fact that, in case
semantic representation is created out of commuwsf intentions motivated by conversational needs,
nicative intentions (Levelt, 1989) we assume thehe intention layer of the U does not import any
communication intentions are the modality inde-robot control system message but creates an inten-
pendent base that governs the multi-modal lantion directly. Note, the IUs that are initiated by the
guage production. We, therefore, extend our strucrobot and by the user have identical structure. But
ture above by introducing two generators on then case of user initiated 1lUs we do not make any
conversation layer: oneerbaland onenon-verbal assumption of their underlying intention building
generator that represent the verbal and non-verbakocess and the intention layer of their IUs are thus
language generation mechanism based on theways empty.

communication intentions created on the intention \with the 1Us, we can integrate the non-verbal
layer. The relationship between these two generasehavior systematically into the communication
tors is variable. For example, Iverson et al. (1999process and model multi-modal dialog. Although
identified three types anformationalrelationship it is not the focus of our work, our model can also
between speech and gesture: _ handle purely non-verbal contributions, since the
reinforcement (gesture rein- | ~SNESSINEVET 0 ol generator does not always need to be acti-

verbal non-verbal ) )
forces the message conveyed vated if the non-verbal generator already provides

in speech, e.g., emphatic ges;y -Inteniontaver- | enough information about the speaker’s intention.
ture), disambiguation (ges- | inenionconcepin | Ppssible scenarios are: the user looks tired (pre-
ture serves as the precise ref- sentation) and the robot offers “I can do that for

erent of the speech, e.g., deic- Figure 3: IlU  you.” (acceptance) or the user says something
tic gesture accompanying the (presentation) and robot nods (acceptance).

utterance “this cup”), andadding-information

(e.g., saying “The ball is so big.” and shapingo 3 Putting things together
the size with hands). In our work, when process- _ _
ing users’ multi-modal contributions we focus on Till now we have discussed our concept of using

the disambiguation relation; when creating muilti-& grounding mechanism to organize contributions
modal contributions for the robot we are also inter-2nd of representing individual contributions as IU.

ested in other informational relatioRsThe struc-  NOW it is time to look at the still open point at the
ture of an 1U is illustrated in Fig. 3. end of the section 2.1: when to create an IU as

Operation flow within an interaction unit; ~ Presentation and when an IU as Acceptance.

During a conversation an agent either initiates Self-motivated intentions usually trigger the
an account or replies to the interlocutor’s ac-creation of an IU as Presentation with Default re-
count. The communication intentions can thus béation to its IPE. For example, if the robot needs
self-motivatedor other-motivated For a robot, 1o report something to the user it can create a De-
self-motivated intentions can be triggered by thdfault exchange by generating an U as its Presen-
robot control system, e.g., observed environmentation. The user is then expected to signal her Ac-
tal changes. In this case, an IU is created witifeptance. Other-motivated intentions can, accord-
its intention layer importing the message from theing to the context, result in either Presentation or
robot control system and exporting an intention Acceptance. To make the correct decision we de-
This intention is transfered to the conversationveloped criteria based on tf@nt intention theory
layer which then formulates a verbal message witi®f Levesque et al. (1990) which predicts that dur-
the verbal generator and/or constructs a body laring @ collaboration the partners are committed to
guage expression with the non-verbal generato@ joint goal that they will always try to conform
Other-motivated intentions can be triggered by thdill they reach the goal or give up. Note, this does
needs of the on-going conversation, e.g., the nee@t mean that one will always agree with her inter-
to answer a question, or be triggered by robot’s exlocutor, but they will behave in the way that they
ecution results of the tasks specified previously byhink is the best to achieve the goal. This theory
the user. The operation flow is similar to that ofcan be applied to human-robot dialog in a twofold
S —— ) . .. sense: Firstly, a dialog can be generally seen as
This policy has a practical reason: it is much more diffi-

cult in computer science to correctly recognize and interpref collaboratlon.as CI.ark proposed. S.econdly,' the
human motion than to simulate it. human-robot dialog is mostly task-oriented, i.e.,



the human and the rObOt Work towards the Same.———[push Exchange n with the interlocutor’s IU as presentation]
_ _ e ) i

goal. With this theory in mind we describe how (study verbal info on the interlocutor's CL )

we process other-motivated contributions below. es

- - - no
intention recognized?

[study non-verbal info on the CL]

es - - -
intention recognized?
no

create U as Presentation
create exchange n+1 with
Support or Correct relation

push exchange n+1

The precondition of language production based
on other-motivated intentions is language percep- esmsoes ol o)

tion. Before reacting, i.e., before creating her own e
IU, an agent first needs to understand the inten- ‘mei“i”‘yi‘f'?
tion conveyed by heinterlocutor’s IU by study-
ing its conversation layer. Since we focus on dis-
ambiguation function of non-verbal behavior we
assume that agents first study the generated ver-

bal information, if the intention can not be fully Figure 4. Handling other-motivated contribution

recognized here, one will further study the infor-(CL: Conversation layer; IL: Intention Layer)
mation provided by the non-verbal generator (e.g.,

a gesture) and fuse the verbal and non-verbal ing 4t the dialog system needs to know from the
formation. If the intention recognltlpn is still un- robot control system is what processing results it
successful, the agent can not provide Acceptancgyp produce. The association of these results with
for the given IU. If she is still committed to the ¢ intentions in terms of whether they start a
dialog she will issue a clarification question, .., new account, support or correct one, or delete it,
she generates an IU as Presentation that initiatq:sdn be configured externally and thus easily up-
a Support exchange to the current ungrounded €Xgave o replaced. Based on this configuration IUs

change. If the intention of her interlocutor IS SUC- 516 generated that operate according to the ground-
cessfully recognized the language perception P'%hg mechanism as described in section 2.1.

cess ends and the agent tries to create her own IU.

As described in subsection 2.2 the creation of th& Implementation

IU starts from the creation of an intention on the .~ )

intention layer. In case of a robot, the dialog SyS_Th|s dialog model was implemented for our robot

tem accesses the robot control system and awaifd RON, @ personal robot with learning abilities.

its reaction to the conveyed information (e.g., alt can detect and follow persons, focus on objects

user instruction). Usually, a robot is designated@ccording to human deictic gestures) and store

to do something for the user, i.e., the robot is comolléctéd information into a memory. Our imple-

mitted to the goal proposed by the user, so we dementation scenario is the so-callaedme tour a_
fine the robot can only provide acceptance if the!S€r shows a new robot her home to prepare it for
task is successfully executdd this case, the robot future tasks. The robot should be able to learn and

completes the current IU with the filled intention '€Member features of objects that the user men-
layer by generating an confirmation on its conver

tions and it “sees”, e.g., name, color, images etc.

sation layer. Afterwards, this grounded exchangd€Sides, our system was also successfully ported

can be popped from the stack. If the robot can not® @ humanoid robot BARTHOC for studies of

execute the task for some reasons, then the currefif?otional and social factors of HRI (see. Fig. 5).
exchange can not be grounded and the robot will
take the current IU with the filled intention layer
as another Presentation that initiates a Support or
Correct exchange to the current ungrounded ex-
change, similar as the case in Fig. 1. The conversa-
tion layer of this IU can thus formulate something
like “Sorry, | can’t do that because...” and present
a sorrowful face. This new Support or Correct ex-
change is pushed onto the stack. Figure 4 illus-
trates this process as a UML activity diagram.

Figure 5: Robots BIRON and BARTHOC

In our model we only do general conversational The dialog manager is linked to a speech under-
planning instead of domain specific task planningstanding system which transforms parts of speech



from a speech recognizer into a speech-act-basedarks on its own performance (R6). When the
form. To recognize thaiser’s intention, the dia- robot control system detects a person the dialog
log system classifies this input into 10 categoriesystem initiates a Default exchange to greet her.
of three groups according to heuristics, eig-, BIRON can also measure its own performance by
struction description andqueryinitiate new tasks counting the number of Support exchanges it has
and thus a new Default exchangdeletionand initiated for the current topic. Since the Support
correctioninitiate Delete and Correct exchangesexchanges are only created if BIRON can not pro-
that are related to early exchanges; andfirma- vide Acceptance to the user's Presentation (be-
tion, negation etc. can only be responses andcause it does not understand the user or it can
are, therefore, viewed as user’'s Acceptance of exaot execute a task), the amount of the Support ex-
changes that the robot initiates. The main part oEhanges thus has direct correlation to the robot's
the dialog system is the Dialog Manager that caroverall performance. On the other hand, the more
ries out grounding analysis and stack operationefault exchanges there are, the better is the per-
The Robot Control Manager receives message®rmance because the agents can proceed to an-
from the robot control system and calls the Dia-other topic only if the current one is grounded (or
log Manager to do relevant operations. This dialogleleted). Based on this performance indication
system enables multi-modal, mixed-initiative dia-BIRON does remarks to motivate users.

log style and can handle complex repair behaviors.

Wlt.h the example d".”"og " F'g' 6, W_h'Ch IS tran- happens quite frequently in the home tour scenario
scripted from a real interaction session between

d BIRON di the t Iy at the user points to some objects and says “This
USer an » WE dISCUSS the tWo MOStIMPOrys 5 »» - BIRON needs to associate its symbolic
tant features of our system.

name (and eventually other features) mentioned by
the user with the image of the object. The reso-

Resolving multi-modal object references:It

v R1: Hello human! (looking friendly)

£ U1 Hello! lution of such multi-modal object references (U4-
Who are you? R7 in Table 6) is solved as following: the Dialog
B¢ R2: My name is BIRON, if you show me Manager creates an U for the user-initiated utter-
something | can remember it. (looking friendly) ance (e g “this is a cup") and studies the verbal
— U2: OK, um, look, this is a mug. R . .
— R3: I beg your pardon? (looking puzzled) and non-verbal generator on its conversation Iayer.
'~ US3: This is a mug, umm, here. In the verbal generator, what the pronoun “this”

=~ R4: Sorry, can you use some other words? (looking sad) refers to is unclear, but it indicates that the user
g ;h's 'Samugi. " » might be using a gesture. Therefore, the Dialog
X R5: N 't t. A t .

[ 7o 50, fcantiind it Are you pointing Manager further studies the non-verbal generator.

Bx6 to it with your finger? (looking sad)

US: Yes! The responsible robot vision module is activated
R6: | know it is sometimes difficult with me, here to search for a gesture and to identify the ob-

o but don't feel discouraged! (looking ashamed) ject cup. If the cup is found in the scene, this mod-
U6: (laugh)

ule assigns an ID to the image and stores it in the
memory. After the Dialog Manager receives this
ID, the processing of the conversation layer of the
user IU ends, the Dialog Manager proceeds to cre-
ate its own IU to react to the user’s IU. Problems
with the object identification indicate failure of the
OiQtention recog.nition process on the user conversa-
on its back-end application. Since BIRON doestIon layer. In this case, the Dialog Manag(_ercrea_tes
not have a task planner which would be ideal to™ Support exchange FO a.Sk. the user which object
demonstrate this ability we implementedeiro- she refers to.and retries it if she does .not oppose
vertpersonality for it (additionally to itbasicper- (RS'R.7)' Th.'s process and the _assouated m_ultl-
sonality) that takes communication-related initia-_rmd_amy fusion ar_ld repr_esentatlon are described
tives. The basic BIRON behaves in a rather pas'—n (Li et al., 2005) in detail.

sive way and only says something when addressed The evaluation of dialog systems for human
by the user. In contrast, the extrovert BIRONrobot interaction is still an open issue. A robot

greets persons actively (R1 in Table 6) and resystem is usually a complex system including a

L—— R7: OK, I've found it, it is really nice! (looking happily)

Figure 6: A dialog example with the extrovert
BIRON. (U: user, R: robot, Ex: Exchange)



large number of modules that claim plenty of pro-J. E. Cahn and S. E. Brennan. 1999. A psychological model
cessing time or are subject to environmental con- ©fgrounding and repair in dialog. Proc. Fall 1999 AAAI

.. . . Symposium on Psychological Models of Communication
ditions. For the dialog system, this means that the jy'cojiaborative Systems

correct interpretation and transaction of user utter-

. J. Cassell, T. Bickmore, L. Campbell, and H. Vilhjalmsson.
ances is by no means a guaranty for a prompt re- 2000. Human conversation as a system framework: De-

sponse or successful task execution. Thus, the per- signing embodied conversational agents. In J. Cassell,
formance of the dialog system can not be directly ,J-dSU”'Vﬁn, St; Pfelvost «’:‘:A?TEh Churchill, editdgsnbod-
measured with the performance of the overall sys- '¢¢ ¢OVersatonaiagen ress.

tem like most desktop dialog applications. We areH. H. Clark, editor. 1992Arenas of Language UséJniver-

still working at evaluation metrics for HRI dialog ~ S'tY of Chicago Press.

systems (Green et al., 2006). But the efficiencya. Green, K. Severinson-Eklundh, B. Wrede, and S. Li.
of our system is already visible in the small ef- 2006. Integrating miscommunication analysis in natural
fort associated with the portina of this svstem to language |nterface design for a service robqﬂ?mc. Int.

P ) g X y Conf. on Intelligent Robots and Systeragbmitted.
another robot platform and in the pilot user study o _ _
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N . 1999. Gesturing in mother-child interaction€ognitive
teracted with BIRON twice. In the total 28 runs  pevelpment14(1):57-75.
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. . o acting together. IrProc. Nat. Conf. on Artificial Intelli-
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were Support exchanges created due to executiosn' Li, A Haasch, B. Wrede, J. Fritsch, and G. Sagerer.

- PP g X 2005. Human-style interaction with a robot for coopera-

failure of the robot control system which corre- tive learning of scene objects. Rroc. Int. Conf. on Mul-

sponds to the performance of the robot control sys- timodal Interfaces
tem. The average processing time of the dialog, matsui, H. Asoh, J. Fry, Y. Motomura, F. Asano, T. Kurita,

system was 11 msec. I. Hara, and N. Otsu. 1999. Integrated natural spoken
dialogue system of jijo-2 mobile robot for office services,.
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Abstract— In domestic social robot systems the dialog system
is often the main user interface. The verbal behavior of such a
robot, therefore, plays crucial role in human-robot interaction.
Comparative user studies on various verbal behaviors of a
robot can effectively contribute to human-robot interaction
research. In this paper we present a dialog system that can
be easily configured to demonstrate different verbal, initiative-
taking behaviors for a robot and, thus, can be used as a platform
for such comparative user studies. The pilot study we conducted
does not only provide strong evidence for this suitability, but
also reveals benefits of comparative studies on a real robot in
general.

I. INTRODUCTION

Robotics researchers are becoming increasingly interested
in user-centered design issues of human-robot interaction
(HRI). Especially for robots designed to work with non-
professional users in home environments many comparative
studies have been conducted to find out user perception of
robots and user preferences. Goetz et al. [1] investigated
the relevance of robot appearance and behavior to user
acceptance; Woods et al. [2] studied the relationship between
user personality and the perceived robot personality; Walters
et al. [3] explored the socially acceptable spatial distance
between human users and a robot. In such comparative
studies the robots were mostly controlled by a Wizard of
Oz (WoZ) remote controller. Other researchers are more
interested in real robot testings to find out improvement
potentials of the given system. Severinson et al. [4] discussed
social aspects of HRI departing from their experience with
a fetch-and-carry robot for a motion-impaired user in an
office environment. Kanda et al. [5] reported their 2-weeks
field study of two interactive humanoid robots with children.
Both WoZ and real robot testing provide valuable insight into
human behavior in HRL

However, there is only few studies on effects of robots’
verbal behavior, neither in form of WoZ nor real robot
testing. Although in many WoZ studies speech is used to
demonstrate the behavior to be investigated (e.g., [1] uses
different dialog patterns to produce playful and serious robot
behaviors that the authors intended to test), crucial verbal
behavior issues like how and when the robot should take
initiative, what the robot should say to produce certain effects
are seldom the focus of the study in HRI. This does not mean,
that these issues are not relevant. On the contrary, for many
domestic social robots the dialog system is the main interface
between the user and the robot. The robot verbal behavior

realized by a dialog system is explicit and clearly observable.
Using speech, the intention of the robot can be conveyed
in a direct way so that human users can directly evaluate
it. Comparative user studies that expose subjects to various
verbal behaviors of a robot are, therefore, an effective way to
study user perception and preferences in HRI. Based on our
own experience with system development and user studies
[6] we attribute this “unpopularity” of comparative studies
on robot verbal behavior to their methodological challenges:
Firstly, the content of verbal messages is relevant in such
a study. The most important task of a dialog system is to
communicate information about the robot’s internal status to
the user. Particularly in situations like robot technical failure
the user can only rely on the dialog system to learn what
has happened. The content of this information, especially
the information about the current system status, is crucial in
a user study on robot verbal behavior. However, in a WoZ
study it is difficult to simulate all or many of the factors
that affect the performance of the robot especially because
many of these factors also have cross-correlations, e.g., the
performance can be influenced by environmental conditions
which in turn can also be affected by the user herself.
Secondly, the way when and how verbal messages are
conveyed is also relevant. A dialog system directly commu-
nicates with users and they often infer the overall behavior
of a robot from the behavior of the dialog system. For
example, a robot that frequently takes task-related initiative
may be perceived as more intelligent by users. This means,
when and how the dialog system “says” something is an
important factor in user studies on verbal behavior because
they may shape robot’s personality or its ability of social
awareness. Using real robot systems to study such aspects
requires a dialog system that can (1) demonstrate behaviors
that reasonably affect user’s impression in some way and
(2) be able to demonstrate different behaviors to facilitate
the comparative nature of such studies. However, most
dialog systems implemented for robots today are based on
finite-state based approach, e.g., [7], [8], [9], [10]. In this
approach, the dialog system follows a script of prompts that
are pre-defined for the domain tasks and the users need to
answer these questions to make the dialog system to reach
its goal state. Although it is still possible to use such systems
to generate output of different verbal styles, it is difficult to
vary “deeper” dialog aspects like initiative distribution that
is not confined to individual utterances in certain context but



changes the whole interaction behavior of the robot. Thus,
it is difficult to use these systems to study issues like when
should the robot say something, which have great influence
on the quality of situated communication like HRI.

Having looked at the special challenges of comparative
studies on effects of robot verbal behavior we are convinced
that we should combine the advantages of the two user
study approaches for our robot. This means, to develop a
real dialog system with various verbal behaviors. In user
studies with such a system, different verbal behaviors can
be directly contrasted to each other that are based on the
identical, realistic, technical environment. Additionally to
gaining insight related to verbal behavior, new research
issues could also arise from this combination of the two user
study methods (as discussed at the end of section III ).

In this paper, we present such a dialog system for a mobile
social robot BIRON (The Bielefeld Robot Companion) that
can be easily configured to demonstrate different initiative
taking behavior. After describing the dialog management
mechanism in section II we forward to section III to discuss
the results of a pilot study that provides strong evidence of
the suitability of our system for conducting comparative user
studies on robot verbal behavior. In this section we will also
discuss the benefits we derive from this study. Finally, in
section IV, we summarize the strength of our approach and
outline potential use of this system.

II. THE DIALOG SYSTEM

In general, a dialog system is responsible for carrying
out verbal interaction with users including transferring user
commands to the robot control system and reporting task
execution results to the user. During the conversation a dialog
system should be able to regulate the initiative distribution,
handle miscommunication, draw inferences between inter-
locutors’ contributions and organize and maintain the dis-
course. To enable these abilities we implemented a powerful
agent-based dialog model for our system. The basic idea of
this approach is to view dialog as a collaboration between
two equally intelligent agents both of whom take part in the
conversation in the same way (see [11] for an overview).

A. The Dialog Management Mechanism

One of the most influential theories on the collaborative
nature of dialog is the common ground theory of Clark [12].
In his opinion, during a conversation the interlocutors need
to coordinate their mental states based on their mutual
understanding about the current intentions, goals, and tasks.
He terms this process as “grounding”. Furthermore, a speaker
can only be sure that her account, the so-called presentation,
was fully understood if her interlocutor provides some evi-
dence of understanding, the so-called acceptance, this is to
say, if the “common ground” is available. Only then will the
speaker be willing to proceed to another account.

We extended this grounding idea for robot applications:
We represent interlocutors’ contributions as Interaction Units
(IU). Each IU has two layers: the intention layer and the
conversation layer. On the intention layer a communication

intention is conceived which is usually based on the status
messages from the underlying robot system. On the conversa-
tion layer a verbal or non-verbal output is generated based on
the intention created on the intention layer. During a dialog,
the IUs of the interlocutors mostly occur as pairs, e.g., one
asks a question and the other answers it. We call these pairs
of IUs exchanges. In each exchange, one IU plays the role
of the presentation and the other the acceptance. Such an
exchange is only grounded if the accepting IU is available.
Sometimes new exchanges need to be created to ground
the preceding exchange, e.g., if one says something that the
other does not understand. In this case the listener probably
initiates a new exchange to clarify what the speaker said. This
means, there can be grounding relations between exchanges.
We introduced 4 types of such relations (Default, Support,
Correct, and Delete). These relations can have local effects
on their preceding exchanges. For the reason of relevance we
only discuss the relation Default and Support in more detail:

Default: The current Presentation introduces a new ac-
count that is independent of the previous exchange in terms
of grounding. For example, if an agent says “Hello, my name
is Tom, what is your name?” this utterances is segmented into
three Presentations which initiate three Default exchanges.
Such exchanges can be grounded independently of each
other.

Support. If an agent can not provide Acceptance for the
given Presentation she will initiate a new exchange to support
the grounding process of the ungrounded exchange. Exam-
ples of such exchanges are Ex4, Ex5, and Ex6 in the dialog
segment illustrated in Fig. 1. They are all initiated to support
the grounding process of Ex3. If such a Support exchange
is grounded its initiator will try to ground the preceding
exchange again with the newly collected information through
the supporting exchange. For our robot BIRON, we define,
it may create acceptance IUs, i.e., to ground an exchange
initiated by the user, only if (1) it understands the user
utterance and (2) it successfully executes the task specified
by the user. Otherwise BIRON has to initiate a Support
exchange to let the user rephrase or say something else.

We organize these exchanges into a stack which represents
the whole ungrounded discourse. If one interlocutor intro-
duces an account into the discourse, one exchange is pushed
onto the stack; if one exchange is grounded, then it is popped
from the stack. According to different grounding relations
actions can occur when an exchange is pushed or popped.
Besides, the discourse is divided into discourse segments
according to topics. Figure 2 illustrates the organization of
the discourse. In short, we model the grounding process using
an augmented push-down automaton which exhibits local
flexibility in contrast to conventional grounding approaches
([13], [14]). Our system enables mixed-initiative dialog style
and can handle complex conversational repair. (Our system
is also able to handle multi-modal IUs, see [15] for more
information. A detailed description of this dialog model can
be found in [16].)

For the purpose of HRI user studies, the probably most
outstanding feature of this system is that it is easy to make



e R1: Hello human!
— U1: Hello!
Who are you?
Ex2 R2: My name is BIRON, if you show me
something | can remember it.
— U2: OK, um, look, this is a mug.
vy R3: | beg your pardon?
— U3: This is a mug, umm, here.
i R4: Sorry, can you use some other words?
— U4: This is a mug!
exs [ R5:Sorry, | can't find it. Are you pointing
Ex6 to it with your finger?
U5: Yes!
R6: | know it is sometimes difficult with me,
Ex7 but don't feel discouraged!
U6: (laugh)
L—— R7: 0K, I've found it, it is really nice!

Fig. 1. Taking initiatives (Ex: exchange, U: user, R: robot)

— Discourse Segment B ——

relation(Ex3, Exn) = ...
Ex3 Interact!on Unllt (Acc)
Interaction Unit (Pre)

relation(Ex2, Ex3) = ...
Ex2 Interact!on Unllt (Acc)
Interaction Unit (Pre)

Conversation Layer
Intention Layer

v

~—— Discourse Segment A —— Interaction Unit

relation(Exl, Ex2) = ...
Ex1 Interaction Unit (Acc)
Interaction Unit (Pre)

Discourse

Fig. 2. The structure of the discourse (Ex: exchange; Pre: presentation;
Acc: Acceptance)

the system “say something” and to handle user’s response to
it from the discourse point of view. In the spirit of the agent-
based dialog modeling approach, the domain tasks, in our
case the status messages from the underlying robot system,
are viewed as motivations for the system to create contribu-
tions that then participate in the dialog process according to
general, domain-independent communication rules. This is
the major distinguishing aspect of the agent-based approach
against the finite-state based approach. To take initiative, the
dialog system just needs to import the status messages from
the underlying robot system and creates an IU for it. This
IU then participates in the joint common ground building
process as a part of an exchange that needs to be grounded
by the user. The association of such robot status messages
to the communicative intentions (that are to be created for
the intention layer of a new IU) can be configured externally
and, thus, be easily updated or replaced. This means, we can

easily control when the robot says something and what it
says. In the following subsection we describe two behaviors
that are realized based on this system capability and facilitate
HRI user studies.

B. The Implemented Behaviors

Before describing the implemented behaviors we want
to first depict the context in which they occur. Our dialog
system is implemented on our robot BIRON, a personal
robot with socially learning abilities. It can detect and follow
persons, focus on objects (according to detected deictic
gestures), and store collected multi-modal information into a
memory. Our implementation scenario is the so-called home
tour: a user bought a new robot from a shop and shows it
her home to prepare it for future tasks. The robot should
be able to learn and remember features of objects that the
user mentions and it “sees”, e.g., name, color, images etc.
This is also a learning scenario for the user because she
interacts with a complex robot system for the first time.
Within this context we implemented two initiative taking
behaviors for BIRON that can be switched on and off. With
the example dialog in Fig. 1, which is transcripted from a real
interaction session between a user and BIRON, we describe
these behaviors and our motivation in detail.

1) Taking greeting initiative: In the home tour scenario
the user could have difficulty to start the interaction with
BIRON at the beginning. After she unpacks and turns on
BIRON she would feel a little bit helpless as to how to
start the interaction. We think it can help to overcome this
start difficulty if BIRON can greet the user on its own.
This behavior would imply for the user that the robot now
works, it has already perceived the user, and it can also
speak human language. Probably the user would reply to this
greeting intuitively as they do in human-human interaction.
(This assumption is actually confirmed in our pilot study).
The implementation of this initiative is quite simple: Once
the robot control system detects a human in its vicinity it
sends a message to the dialog system which then initiates
a Default exchange (Ex1 in in Fig. 1) to greet her (R1).
Now the user is expected to provide acceptance that she
heard and understood BIRON which is usually done by
her reply to BIRON’s greeting (Ul). In Ul, the user also
asks an additional question about the identity of BIRON.
This question is classified as user’s initiative to create a
Default Exchange that BIRON should ground by answering
the question (R2). If the user had not answered BIRON’s
greeting the dialog system would delete this self-initiated
exchange from the discourse stack after a pre-defined time
and, thus, delete the expectation that the user would reply.

2) Making remarks on its own performance: BIRON is
a highly complex robot system including a large number of
modules. Many of these modules carry out computationally
expensive processing, e.g., face, gesture, and object recog-
nition and speech recognition. The performance of many
modules is also subject to environmental conditions, e.g.,
unexpected obstacles around can lead to failure of the follow
behavior or the image processing can fail because of bad



lighting conditions. In a real user-BIRON interaction, this
means, there is a variety of factors that can negatively
influence the general performance of BIRON but users know
nothing about. We think it can help to reduce user frustration
if BIRON has the ability to show that it is also aware of its
own problem and feels sorry about it. We, therefore, im-
plemented the performance evaluation behavior for BIRON.
The dialog system realizes this by counting the number of
Support exchanges it has initiated for the current topic. Since
the Support exchanges are only created if BIRON can not
provide Acceptance to the user’s Presentation (because it
does not understand the user or it can not execute a task),
the amount of the Support exchanges, therefore, has direct
correlation to the robot’s overall performance. On the other
hand, the more Default exchanges there are, the better is the
performance because the user and BIRON can proceed to
another topic only if the current one is grounded (or deleted).
Based on this performance indication BIRON makes remarks
to motivate users. In our current implementation, BIRON
makes remarks if it has had to initiate at least three Support
exchanges for one topic or has grounded three Default
exchanges in succession. In the dialog example in Fig. 1,
BIRON could not understand the user’s utterance twice (Ex4,
Ex5) and then could not find the object specified by the
user (Ex6) which resulted in the creation of three Support
exchanges by the dialog system in total. According to this
bad performance evaluation result the dialog system initiates
the contribution R6 to motivate the user. If it were a positive
evaluation result BIRON would say something like “You are
really good at working with me.” The wording style of these
remarks is generated randomly from a set of 3 pre-defined
sentences.

III. THE PILOT STUDY

In our pilot study we contrasted two verbal behavior types
of BIRON in a between-subject design: basic and extrovert.
The basic BIRON behaves rather passively and only says
something if it is explicitely addressed by the user while
the extrovert BIRON possesses both initiative taking abilities
described above. Our goal of this pilot study was to find out
if these two behavior types enabled by our dialog system
can affect user impressions on our robot. If yes, this will
be a strong evidence for the suitability of our system for
comparative user studies on robot verbal behaviors. More
specifically, the goal of this study was to test:

1) whether the different verbal behavior of the two types
of BIRON are perceived as different;

2) whether the different perception of BIRON’s verbal
behaviors has effects on the perception of other fea-
tures of BIRON such as its overall performance and
interaction style;

3) whether the different perception of BIRON’s verbal
behaviors has effects on the subjects’ emotional status.

A. Method

We recruited 14 subjects aged from 20 to 37 from the
Bielefeld University. None of the subjects had interacted with

Fig. 3.

The setup of the pilot study

BIRON before. In the pilot study, they were divided into two
groups: 7 of them interacted with the basic BIRON (Group
B) and the other 7 with the extrovert BIRON (Group E). They
were just told to try out BIRON’s functionalities without
any knowledge about BIRON’s technical limitations (Fig. 3).
With this setting we intended to simulate the situation of
the “innocent user” in the home tour and provoke technical
failure to see users’ reactions. In average, each subject
interacted with BIRON more than 7 minutes. After the
interaction the subjects were asked to fill out a questionnaire.

To answer the first goal question we asked subjects to
rate BIRON’s personality. As also assumed by [2], different
behavior of a robot can cause subjects to perceive the robot
as having different personalty. We used 4 selected personality
traits derived from the personality dimension introversion vs.
extroversion that was proposed by Eysenck [17]. We think
this dimension can be more easily associated with visible
behavior and, thus, is more suitable for our purpose than
his two other dimensions (neuroticism vs. emotional stability
and psychoticism). The 4 traits are thoughtful vs. talkactive,
peaceful vs. responsive, quiet vs. active, and reserved vs.
impulsive. The subjects rated BIRON’s personality for each
of the 4 traits using a 5-point Likert scale, e.g, 1 is very
thoughtful and 5 is very talkactive. For our pilot study, it is
sufficient to assume that the higher value a selected item in
the Likert scale has, the bigger is the tendency of the subject
to classify BIRON’s personality as extrovert.

To answer the second goal question we listed the four
problems of our system that occur most frequently: BIRON
loses the subject during the interaction, BIRON does not
understand subject’s utterances, the dialog with BIRON is
restricted to a relatively small vocabulary and BIRON do
not look in the direction of the subject’s gesture. Subjects
were asked to rate for each of these problems their degree
of annoyance in a 5 point Likert scale. The associated ques-
tionnaire question was “How annoying were the following
technical problems for you?”. Additionally, we also asked
users if they think the interaction style realized on BIRON
is intuitive.

To measure users’ emotional status after the interaction
with BIRON for the last pilot study question we directly



asked them if they like BIRON.

B. Results

Given the small number of participating subjects we
descriptively recorded the results of this pilot study. In the
chart in Fig. 4 the result of the BIRON personality question
is illustrated, the x-axis represents the personality tendency
of BIRON rated by the subjects and the y-axis indicates the
number of subjects who selected the corresponding items
for the 4 traits. In Group B, subjects interacted with the
basic BIRON and most of them thought BIRON tends to be
introvert. For the Group E, the initiative taking behaviors of
BIRON did lead to a clearly different picture than in Group
B: extroversion is the most perceived personality tendency
of BIRON even if the result is more distributed than in case
of Group B.
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Fig. 4. The result of the question: "What do you think about the personality
of BIRON?”

Figure 5 and Fig. 6 show the result of our second pilot
study question. In the chart on their general annoyance
degree, we can recognize a slight difference in subjects’
general annoyance degree. We can even say that members of
Group B seem to be generally more angry about the technical
problems than those in Group E. On the issue of perceived
interaction style, twice as many subjects in Group E approved
the question as members of Group B.
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Fig. 5. The result of the question “How annoying were the following

technical problems for you?”

The chart in Fig. 7 illustrates potential emotional effect
of BIRON’s different verbal behaviors. This result is a clear
evidence for this effect: the overwhelming majority of Group

Group E
Group B P

28.57%
57.14%

‘ [ Intuitive

I Not intuitive

Fig. 6. The result of the question “Do you think the interaction with
BIRON is intuitive?”

E liked BIRON while only a small minority of Group B held
the same emotion.

Group B Group E
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Fig. 7. The result of the question “Do you like BIRON?”

C. Discussion

The pilot study results suggest that the two verbal behavior
types of BIRON were not only perceived as different, but the
subjects’ perception of the performance and the interaction
style of BIRON were also affected, and the subjects of Group
E (extrovert BIRON group) even felt emotionally animated
in contrast to members of Group B. Although our study is a
small-scaled pilot study, based on its clear results, we expect
statistical significance of the relevant variables in larger-
scaled user studies. Therefore, the pilot study results are
strong evidence for the fact that our system is able to generate
perceivably different verbal behaviors and is suitable for
doing comparative user studies on effects of various robot
verbal behaviors.

This pilot study also provides the first evidence for the
benefits of a comparative user study on a real system as
proposed in the section I. What we have learned includes
the following two points:

1) Human-awareness is important. In the pilot study,
the extrovert BIRON generally receives more positive
comments from the subjects than the basic one. This
result supports the advantage of human-awareness as
proposed by [18] for robot motion planning domain.
The extrovert BIRON demonstrates its awareness of
human user’s existence (by greeting her actively) and
its awareness of possible emotional consequence on



users caused by its own poor performance. Such behav-
ior does help to increase the acceptability of a robot.

2) Human-awareness needs to be complemented by
situation-awareness. In our pilot study, we made the
following observation: According to our experiment
setup users were allowed to say anything they wanted
to BIRON. But the speech understanding system of
BIRON could only recognize a small number of words.
Sometimes subjects were repeatedly misunderstood
by the speech recognition system which caused the
extrovert BIRON to initiate apology every 3 utterances.
This behavior was in general rated as good by the
subjects, but in this specific situation, the subjects were
already annoyed by the speech recognition problem
and, therefore, considered this kind of initiative as
bothering. This example shows that a robot does not
only need to be aware of human but also be aware
of the situation and should make decisions taking into
account observed situational cues.

To summarize the benefits of the comparative user study on
a real system: if our pilot study had not been a comparative
study, we might be able to assume the general benefits of
human-awareness (as described in the first point), but we
would not be able to quantify this difference to this extent
which greatly helps to intensify our insight. Equally, if our
pilot study had not been conducted on a real robot system
with its inherent technical instability, we might not even be
able to realize the complementary importance of situation
awareness. Thus, our pilot study serves as a good example for
the practical benefits of combining WoZ comparative studies
with real robot testing.

IV. CONCLUSION

In this paper we presented a dialog system which can
be easily configured to demonstrate various initiative taking
behavior. In the pilot study conducted with this system the
enabled verbal behaviors of our robot BIRON were clearly
perceived as different and these differences also affect other
factors of the user-BIRON interaction. Our system, thus, pro-
vides a suitable platform for doing comparative user studies
on robot verbal behavior. Additionally, the combination of
the advantages of comparative WoZ study with real robot
testing also turned out to be productive in terms of gaining
general insights in HRI.

To be used in comparative user studies on robot verbal
behavior in general, our system is not confined to the imple-
mented behaviors as described in this paper. It will be quite
simple to enable BIRON to take initiative of other types,
e.g., a task planner can provide task specific information
to the dialog system so that the robot can take task-related
initiative, this means, it can potentially make constructive
suggestions when doing tasks collaboratively with the user.
Besides, initiative behavior can generally be parameterized to
adapt to the robot’s knowledge of the current social situation,
e.g., the dialog system can be configured in a way that it only
takes greeting initiative when the robot’s vision system can
recognize user’s willingness to interact with the robot. Since

the initiative taking behavior can be easily modified in our
system, we can, as well, contrast verbal behaviors based on
the principles above in comparative user studies.
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Abstract— Creating robots with extendable social skills and
interaction capabilities that suffice their operation in the real
world with naive users is a very challenging task. In this
paper we present a new approach using topic tracking on
multi-modal dialogue to provide a mobile robot with a higher
level situation awareness in human-robot interaction. The robot
is no longer operating in laboratory surroundings, but in its own
real world flat. We describe how our topic tracking approach
is implemented in this integrated system, operating on verbal
speech input. Different modalities like data from video cameras
and laser scans are used as additional cues to a semantic
understanding and grouping of user utterances into different
topics. Both the amount of topics and the according topic names
are created dynamically. Evaluating an offline speech corpus
demonstrates the suitability of our approach. It is now possible
to ask “BIRON, what’s the topic?”’, making the interaction
more social.

I. INTRODUCTION

What is a social robot and how is a real robot companion
discriminated against a more common service robot per-
forming fetch and carry tasks only? This question is still
in discussion [1]. Mobile robots that participate in our daily
life have to satisfy many requirements. Mainly they have to
find and track humans, operate in various surroundings with
robust localisation and navigation and therefore have to adapt
or learn how to cope with unknown situations.

One first step towards this goal is the so called Home
Tour Scenario, developed within the COGNIRON (Cognitive
Robot Companion) project [2]. In this scenario a person with
unspecified knowledge of robotics has just bought a robot
companion and gives it a tour through her private home so
to familiarise it with its new habitat. The human points to and
names locations and objects which she believes are necessary
for the robot to remember.

Our mobile demonstrator BIRON (Bielefeld Robot Com-
panion) [3] successfully accomplishes this task in a real flat.
But robots moving out of laboratories have to gain more
social skills to improve human-robot interaction. Besides the
verbal information, in human-human interaction many addi-
tional cues such as gestures, mimics, and context knowledge
are used intuitively to achieve a successful communication.
Even if the mere verbal information is underspecified or
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inconsistent in most cases both interaction partners know
which topic they are talking about.

Using a natural spoken dialogue system, it is crucial for
the acceptance of a robot by humans that it understands the
user’s intention. The robot has to react comprehensible even
if the information given by user utterances was imprecise.
According to the human example, knowledge about the
recent conversation topic helps to resolve underspecified real
world references. For example, the user may ask the robot
to find a brush, but does not specify if she wants a brush
for cleaning the dishes or making her hair. Depending of the
topic the recent conversation is about, the robot can decide
by itself which brush to look for or suggest which brush it
will choose.

For the evolution of sociable robots, knowing what a
conversation is about is also crucial for research areas like
situation awareness [4]. Robots will not only have to reflect
about basic sensory data as in many reactive systems where
situation awareness is mainly used for tasks like navigation in
the presence of humans or object tracking. Situation aware-
ness with regard to a more complex human-robot interaction
and verbal communication is a basis for successful joint or
shared attention abilities [5], [6]. Based on the knowledge
what a person is often talking about robots can learn the
user’s preferences, e.g., taking the initiative and telling the
user the recent sports results, if the user previously often
talked about sports. By this means robots will develop from
pure task fulfilling machines towards companions.

In this paper it is described how we realized a Dynamic
Topic Tracking (DTT) of naturally spoken conversation be-
tween human and robot. Though user utterances only would
suffice for the proper operation of the described module, we
use different additional cues derived from the current system
state and audio-visual input to enhance the reliability in real
world settings. Situation awareness is realized not only using
classical sensors like video cameras and laser range finders,
but additionally interpreting natural speech in a human-robot
dialogue.

The paper is organised as follows. In section II we
will give an overview of work related to topic detection
and situation awareness especially in the context of mobile
robots. Subsequently it is described how the DTT is linked
to the overall system architecture in section III, followed by



a short description of the modules delivering data for the
DTT in section IV. The DTT module itself is presented in
detail in section V and results of an evaluation are given in
section VI. The paper ends with a conclusion in section VII
summarising the results and presenting an outlook on future
work.

II. RELATED WORK

Topic tracking on human-robot communication during
situated communication is a new area of research, which
has to meet special requirements: For example, the topic
tracking has to be online, i.e., the results of the tracking must
be delivered in real time. Additionally, the high dynamic of
household environments demands for a dynamic approach
- the topics have to be learned during communication, and
the algorithm should not rely on pre-defined or pre-trained
topics.

In the past, much topic tracking research has been carried
out in the context of Information Retrieval [7]. Information
Retrieval is centred around making large corpora — such as
newspaper corpora — accessible for queries, e.g., automat-
ically finding all news belonging to a certain topic. While
the background is very different, standard techniques such
as lemmatisation can be applied to topic tracking on a robot,
too.

A related area of research is Text Segmentation, i.e.,
automatically structuring unsegmented text into segments
which express exactly one topic, while subsequent segments
bear different topics. Since topic tracking in human-robot
interaction also deals with topically unsegmented streams
of utterances, we use algorithms (such as Latent Semantic
Analysis [8]) which proved to be highly efficient for this
task [9].

General approaches for dynamic topic tracking on spoken
language, i.e., broadcast news corpora, have been devel-
oped in the context of the Topic Detection and Tracking
project [10] amongst others, for example [11]. The task of
segmenting spoken language into topics by using different
cues has also been researched [12], [13].

To achieve sophisticated human robot interaction, besides
information retrieval, topic tracking delivers important data
for the intention of a human and the situation a robot is
involved in. Work has already been carried out in determining
the intention of a human by classifying gestures in different
categories like symbolic or referential gestures [14].

In [15] situation awareness is described in the context of
a mobile robot for urban search and rescue tasks. Depending
on the situation it finds itself in, the robot has to separate
important information from less important one so to provide
only important data to the operator for a quick decision
taking process. Although the system is able to classify a
situation this process is based on the system state and
information retrieved from auditive and visual sensors only.
Instead of a higher level user interaction an unidirectional
command execution is performed.

Taking the reactions of a user more into account,
[16] presents an approach in which the robot is aware of the
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level of engagement a human has towards a robot during an
interaction. This is to ascertain that a human does not leak of
attention while the robot performs different subtasks. For the
evaluation physiological signals like cardiovascular, electro
dermal, and electromyogram activity of the interaction part-
ner have to be gathered by various sensors connected to the
user which is far away from human-like communication.

Investigating topic tracking on user utterances with respect
to integrated robot systems it seems that there is still little
scientific work done in combining these aspects to achieve a
more high level situation awareness. Furthermore situation
awareness in human robot interaction is still very often
connected not with the robot but with the human getting
more information by the robot. We propose that the ability
of a robot to understand what an interaction is about and
to accordingly react, enhances its sociability. How a topic
tracking is integrated into the current architecture will be
described in the following sections.

ITI. ARCHITECTURE

For the presented system a three layer architecture [17]
is used consisting of a deliberative, an intermediate, and a
reactive layer (s. Fig. 1). The DTT is located in the top
deliberative layers well as a dialog system for complex
user interaction. In the bottom layer reactive modules ca-
pable of adapting to sudden changes in the environment are
placed. Since neither the deliberative layer dominates the
reactive layer nor the reactive layer dominates the delib-
erative one, a module called Execution Supervisor (ESV)
was developed [18] located in the intermediate layer, where
the Localisation and its knowledge base are also positioned.
The ESV coordinates the different tasks of the individual
modules by reconfiguring the parameters of each module. For
example, the Player Interface for controlling the hardware is
configured to receive movement commands from different
modules.

Deliberative Dial D ic Toi
ialogue ynamic Topic
Layer System Tracking
Execution Vision based
Intermediatd Supervisor Localization
Layer @
Knowledge Base
Speech Recognition
and Understanding = Scene Model
Reactive @
Layer
Person Attention System Object Attention System
e Person Tracking Gesture Detectiona——
Speech
Camera
Player Interface
Speech  Sound T Image
Output Signal ‘
Speakers Micrdphones Laser Robot Base Cameras
BIRON
Fig. 1. Integration of DTT into the HRI architecture of BIRON.



The ESV can be described as a finite state machine. The
different HRI abilities are represented as states and a message
sent from a module to the ESV can result in a transition
from state A to state B. For each transition the modules
in the different layers are reconfigured. Additionally to the
new configuration, data like movement speed is exchanged
between the modules. All data exchange via the ESV is based
on the XML Communication Framework (XCF, see [19])
using four predefined XML structures, only. All XML data is
designed in a human readable style for easy understanding of
the internal system communication and efficient debugging.

Using a predefined set of limited XML structures data
exchange between the ESV and each module is automatically
established after reading a configuration file. The file also
contains the definition of the finite state machine and the
transitions that can be performed. This makes the system
easily extendable for new HRI capabilities, by simply chang-
ing the configuration file for adding new components like
the DTT without changing one line of source code. Due to
the automatic creation of the XML interfaces with a very
homogenous structure, fusing the data from the different
modules is achieved easily.

The system already contained modules for multiple per-
son tracking with attention control [20],[21] and an object
attention system [22] based on deictic gestures for learning
new objects. Additionally a vision based localisation [23],
was added to teach the robot names of different rooms and
asking it for its recent position.

Here we detail how the existing human-robot interaction
is improved by using topic tracking, analysing not only
system state and visual cues, but spoken language via a
dialog system [24] as well. To achieve this functionality, the
integrated system is extended and the DTT module is added
to the overall architecture as depicted in Fig. 1.

Besides the association of pure verbal input to different
topics for a dynamic creation of different topics the flexible
design of the architecture enables the DTT to use additional
information provided by the various modules to enhance the
topic tracking. A more detailed description of these modules
and their data provided for the DTT is given in the following.

IV. MODULES FOR DTT

The most significant advantage for an integrated topic
tracking system on a mobile robot is the possibility to
gather multi-modal information from the different sources
available on a robot system. For our topic tracking system,
we primarily use this information to perform two different
tasks (For a more detailed discussion, see chapter V below.):

o Segmentation: The system needs to indicate topic
changes, i.e., it has to learn which consecutive user
utterances belong to the same topic.

o Tracking: The system needs — of course — data that it
can classify as belonging to a topic. For our system,
these are speech data (i.e., words) and object references
(verbal or gestural) from the user. It is possible to
enlarge this set, though (see chapter VII).

To gather this information, the topic tracking system receives
data from the following modules:

A. Speech Recognition, Speech Understanding and Dialogue
(Tracking and Segmentation)

The speech recognition system translates the user utter-
ances into words, which can be directly tracked by the
topic detection system. The speech understanding allows
in combination with the dialogue system to directly treat
explicit topic changes and references (e.g., “’let us talk about
plants”), as well as implicit topic changes (e.g., “follow
me” often indicates a topic change). Consider that although
explicit topic references are possible, they are not necessary
for our system.

Additionally, discourse structure information from the dia-
logue system is used to topically segment the user utterances.

B. Gesture- and object recognition (Tracking)

In combination with the dialogue system, the gesture-
and object recognition modules deliver information about
objects referred to by gestures and verbal description of the
user. Object references (e.g., IDs) can — as well as words —
be recognised as belonging to a certain topic, therefore
delivering additional cues for topic tracking.

C. Person Attention System (Segmentation)

The person attention system (PTA) tracks multiple humans
by fusing information from different sensors. Laser scans
are used for classifying pairs of legs, a speaker localisation
is performed on audio data, and both position and gazing
direction of faces are detected on video images. Subsequently
the person most likely to interact with the robot is selected
and data concerning this person is delivered. Especially
information about the user facing the robot or not is relevant,
because phases of looking away often indicate reorientation
of the user, after which commonly! a topic shift occurs.

D. Execution Supervisor (Segmentation)

The ESV indicates whether a user is in direct commu-
nication with the robot or not. Phases of no direct com-
munication clearly indicate topic “shifts”. Additionally, the
ESV indicates phases of object interaction, during which the
user looks away (i.e., on the object) from the robot. These
phases usually do not result in topic shifts, therefore the ESV
information can correct the segmentation by the PTA.

The cues for segmentation of user utterances into thematic
blocks are heuristically evaluated by the topic detection
system, while the tracking data is directly processed. After
elaborating on the information sources of our topic tracking
system, we will now describe its structure and functionality.

Lat least in a home tour scenario



V. DYNAMIC TOPIC TRACKING

As mentioned above, a topic tracking algorithm for sit-
uated human-robot communication has to meet several re-
quirements: It has to work in real time (online), the topics
should not be predefined but learned during the communica-
tion (dynamic) and the algorithm must be able to incorporate
the different information sources a robotic system can access,
otherwise it would waste valuable information.

The main information source for a topic tracking system
is spoken language, though. The utterances of the user are
to be classified as belonging to a known or unknown topic,
based on the information the robot learned during the current
or past communications.

Usually — i.e., in the context of Information Retrieval
or Text Segmentation tasks — the main cues which indicate
the topic of an utterance are words. For example, the word
“soccer” strongly indicates a sport topic in a newspaper. A
great advantage of our approach is that not only words can be
processed, but other symbols, such as IDs of objects referred
to, as well [25]. Therefore, multi-modal topic cues can be
considered in our system.

To give an example: Because of the ability of our robot
system to recognise objects denoted by the user, information
about object identity can therefore be considered by the topic
tracking system. This way, it can differentiate between a
knife used in the kitchen and a knife used in the garden,
both belonging to different thematic areas.

In our topic detection system, the basis for deciding
which symbol (word, object ID) belongs to which topic
are symbol co-occurrences — symbols which co-occur often
in the same contexts (i.e., segments, see paragraph about
segmentation below) can be considered as bearing the same
topic, while symbols seldom co-occurring probably belong
to different topics. This way, topics can be built dynamically
by clustering symbols into sets (see “clustering” below).

Roughly following the approach of the Topic Detection
and Tracking project [10], the main tasks of topic detection
systems are: Preprocessing, Segmentation, Semantic Associ-
ation, Clustering and Tracking. We will elaborate on these
aspects in the following paragraphs.

Preprocessing Three main tasks have to be accomplished
during preprocessing: First, words indicating no topic, i.e.,
function words, should be deleted. This is done by using a
stoplist of words not to be processed. Second, words should
be reduced to their stems or lemmas, thus merging words
bearing the same topic. This task is done by a simple lookup,
although much more elaborated lemmatisation algorithms
are available. For example, for the offline evaluation, the
Tree Tagger [26] was used for lemmatisation. While these
two steps are standard techniques for Information Retrieval
tasks, the third is somewhat unique for our system and only
possible because of the situated information available: Words
expressing different topics should be split up, which is done
by substituting verbal references to objects by the IDs of the
object. Consider that this way, words referring to a single
object are disambiguated, thus additionally supporting the
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second preprocessing task, i.e., merging words bearing the
same topic.

Segmentation It is necessary to split the stream of user
utterances into segments, which ideally bear a single topic.
Information about topic changes can be utilised for the
tracking process, but is also the basis for training the topic
models, because words co-occurring in many segments can
be assumed to bear the same topic. In our system, segmen-
tation is done heuristically and based on multi-modal cues,
as mentioned in chapter IV.

Semantic Association From the co-occurrence data a so
called Semantic Space is build. Sematic spaces are vector
spaces in which a vector represents a single word (respec-
tively object ID)?. The distance between the vectors indicates
the similarity of the words or — in our case — the thematic
distance.

For our system, we implemented three different Semantic
Spaces: The simple vector space model [27], Fuzzy Se-
mantics [28] and Latent Semantic Analysis (LSA) [8]. We
did not implement the popular Probabilistic Latent Semantic
Analysis (PLSA), because for this method the number of
topics must be specified beforehand.

Clustering By using distance information, the semantic
spaces are clustered in thematic areas which ideally bear a
single topic. For our purposes we use complete-linkage ag-
glomerative clustering, which has proved to be fast, deliver-
ing good results [29]. As distance measures we implemented
cosine distance, correlation and euclidian distance, although
numerous other are possible. We usually apply correlation,
because is distinguishes between correlated and uncorrelated
elements.

Tracking The information about topic clusters can be used
to estimate the topic for each user utterance. For each word
of an utterance and for each topic a distance from the word
to the centroid of the topic is computed. We abstained from
calculating normal distributions, because in most cases not
enough training material is available to robustly calculate the
parameters. The topic with the lowest sum of added distances
and history information is the detected topic.

Additionally, if no topic change is detected between the
current and the last user utterance, the system is biased
towards the last detected topic, thus implementing a history.
This is done by multiplying the sums of added distances of
the last utterance with 0.3 and adding them to the current
distances. Consider that if an utterance contains no topic
indicating symbols, the last topic is automatically indicated
this way.

Preprocessing, segmentation and tracking are performed
in real time. The computation of the Semantic Spaces and
the clustering process can take too much time for real
time calculations, though. For this reason, these steps are
continually computed in the background, updating the tracker
when ready. This update process usually takes no more than
a few seconds for normal-sized dialogues.

2In other research contexts, Semantic Spaces are also applied to represent
documents



Fig. 2.

Human-robot interaction in the BITT environment.

VI. EVALUATION

It is our goal to show the feasibility of our topic tracking
system for communication sequences of different length. For
this reason, an offline evaluation on a corpus of human robot
interaction was performed, as described in the next section.
Online experiments of short human robot communication
sequences are carried out at the moment, and are detailed
out subsequently.

A. OFFLINE

In oder to estimate the efficiency of the topic detection
system in the home tour scenario, the topic tracking was
evaluated on the BITT-corpus [30].

Corpus The corpus consists of medium-sized human-
robot interaction sequences of 29 subjects describing a room
to the robot BIRON. The room contains several thematic
areas the subjects could elaborate on, thus resembling a
household environment. An impression of an interaction
between a human and BIRON is given in Fig. 2. In the
background, a working place with a computer and a small
kitchenette are visible, both being thematic areas for the
experiments.

Although BIRON was enabled to track the subjects, thus
simulating attention and performing as a communication
target, we decided to deactivate the dialogue capabilities of
the robot in order to not constrain the subjects utterances by a
constrained dialogue. Thus, the corpus contains monologues
of free speech of the subjects. Consider that free speech puts
additional workload on a topic tracking system compared to
constrained speech with a dialogue system.

The corpus contains manually transcribed speech in which
references to objects were annotated. Lemmatisation was
performed with the Tree Tagger tagging system [26]. This
way, the corpus delivers the result of the preprocessing steps
of the topic tracking except for deletion of function words,
which was carried out by a stoplist.
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The corpus consists of user utterances, which were de-
tected by the same automatic voice activity detection we
use on BIRON and manually transcribed afterwards. For
evaluation purposes, three annotators assigned one or no
topic to each of these utterances. The annotators were given
no predefined topics, although they had to determine a set of
topics before carrying out the annotation (and after making
themselves familiar with the corpus). This way, the task
of the annotators strongly resembled the task of the topic
tracking system, i.e. freely building topics and assigning
them to utterances. On average, about 4900 utterances were
assigned an topic by each annotator with about seven to eight
topics mean per dialogue. No annotator used more than ten
different topics for the whole corpus. Usually, a manually
annotated topic occurred only one or two times during a
monologue.

Evaluation process For the purpose of evaluation, the
manually annotated topic information was also utilised for
simulating the segmentation process, i.e., two consecutive
utterances bearing the same topic were considered to belong
to the same segment.

During the offline evaluation, the history — as described
in chapter V — was activated. Consider that for the offline
evaluation, the history was only deleted between — and not
during — processing monologues. Thus, the topic change
information gained from the topic annotation was only used
for training but not for tracking purposes.

In our experiments we distinguished between a word-
based approach and a mixed one. For the word-based ap-
proach, only lemmatised words uttered by the subjects were
used for training and tracking. For the mixed approach,
object references by the subjects were substituted by object
IDs, thus simulating the capability of our robot to detect and
recognise objects. This way, we can estimate the gain by
utilising situated information.

During performing evaluation for the mixed approach,
words were given a 50% penalty during tracking in com-
parison to object IDs, because object IDs proved to be more
reliable cues for indicating topics.

The topic detection system tracked each of the 29 mono-
logues after being trained with the co-occurrence data built
from the other monologues (bootstrapping). The clustering
algorithm was biased to generate approximately as many
topics as the annotators. This was accomplished by setting
the maximum amount of clusters to be detected to ten,
slightly more than the maximum amount of manually de-
tected clusters.

After tracking, the results were compared to each of the
three manual annotations. As an evaluation measure, f-score
[31] was utilised. f is gained by averaging precision and
recall as shown in (1):

2

f

ey

1 1
Precision + Recall

Consider that the topic tracking algorithm was forced to
detect a topic whenever possible. Consequently, utterances



TABLE I
AVERAGED F — WORDS ONLY

C | Vector Space  Fuzzy Semantics LSA
2 0.4 0.46 0.52
5 0.53 0.48 0.54
10 0.5 0.51 0.51
20 0.41 0.41 0.44
TABLE 11
AVERAGED F — MIXED APPROACH
C | Vector Space  Fuzzy Semantics LSA
2 0.51 0.55 0.67
5 0.7 0.49 0.69
10 0.7 0.56 0.71
20 0.51 0.54 0.52

which were not manually noted as bearing a topic were not
taken into account for calculating precision.

For the calculation of precision and recall it was necessary
to determine for each manually annotated topic the corre-
sponding automatically detected topic which is considered
to be correct. As in [32], the correct automatically detected
topic for a manually annotated topic was determined by
comparing the tracking results with the manual annotation.
The automatically detected topic which covered the highest
amount of utterances of a manually annotated topic was
considered to be correct. All utterances of the manually
annotated topic which were indicated as bearing another
automatically tracked topic were consequently considered
to be falsely tracked. Afterwards, the f-values for each
monologue, human annotation and manually annotated topic
were simply averaged by calculating the arithmetic mean.

To compute inter-annotator agreement, for each of the
six pairs of human annotations the same evaluation metric
was applied. The averaged f for these computations was
0.79, indicating a medium agreement between the human
annotators.

For the different Semantic Spaces, the results presented
in Table I and Table II were achieved. Table I shows
the results for word-based tracking only. Table II shows
the results for the mixed approach in which verbal object
references were replaced by object IDs. As mentioned, each
cell shows the arithmetic mean of the f-values scored for each
of the three manual annotations, monologue and manually
annotated topic. C is the minimum number of contexts a
object reference or a word had to occur in to be considered
during the calculation. Increasing C results in less noisy
training data, since seldom occurring symbols are deleted.
It results in loss of information as well, since the topic
affiliation of these symbols is lost for the processes utilising
topic information. Additionally, very high values of C (i.e.,
C >15) will result in reduced tracking results since valuable
cues (symbols) for topic tracking are not considered.

Discussion As expected, LSA performed best in the topic
tracking task with a maximum f of about 0.71 and best
performance with a low C. This can be explained with the
enhanced capability of LSA to deal with noisy data compared
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to a simple vector space.

The unmodified vector space shows promising results, too,
especially with medium values for C. Since the results for
the simple vector space and LSA converge for higher values
of C, the noise in the data seems to consist mainly of words
and object references with a low frequency.

The Fuzzy Semantics Space did not deliver satisfying
results in comparison. This may be explainable by a conflict
between the clustering algorithm approach and this semantic
space.

Our results show clearly that utilising situated information
in the form of object references strongly enhances the topic
tracking outcome. Additionally, for the purpose of resolving
underspecified object references — as mentioned in the in-
troduction — the computation of topics for object references
is needed. Thus, the mixed approach is to be considered
superior in comparison to a simple word-based approach.

B. ONLINE

The integration of the topic tracking system on the robot
BIRON enables us to perform topic tracking online, i.e.,
during communication. The detected topic can directly be
queried, e.g., by asking “BIRON, what’s the topic?”.

At the moment, experiments are carried out. The exper-
iments will focus on the performance of the topic tracking
system in short, situated communications of unexperienced
users with our robot system. A new feature of our system will
be tested: The users have the possibility to make topics and
topic changes explicit, i.e., “let us talk about the kitchen”.
Although explicit topic changes were part of the BITT
corpus, they were not taken into account during the offline
evaluation. Adding explicit topics and topic changes will lead
to improved communication capabilities of our robot system.

Although the experiments are not finished, we could al-
ready prove that subjects communicating with BIRON about
several sets of thematically connected objects accredited
BIRON the capability of learning discourse coherence. The
experiments show a significant (<5%) difference between
subjects communicating with BIRON with and without an
activated topic tracking system.

VII. CONCLUSION

The offline experiments demonstrate that our approach is
feasible for communication sequences of medium length.
The results of the experiments encourage us to carry out
further studies, as described in the former paragraph.

Additionally, the performance of our topic tracking system
can be enhanced by taking into account additional contextual
information, such as information about the current location,
which can be attained by BIRON’s vision based localisation
system. As mentioned, [25] has shown that additional fea-
tures from different modalities can enhance the performance
of an LSA and probably for a vector space as well.

Further, our topic tracking system makes it possible to
approach the resolution of underspecified object references,
e.g., “find the brush”, when the type of the brush is not
clearly specified. This can directly be accomplished by the



dialogue system querying the topic tracking, thus getting
information about the current topic. Although it is already
possible to query the current topic by asking “BIRON, what’s
the topic?”, the interaction with the robot will really benefit
when other modules make more extended use of the topic
tracking results.
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Abstract
Our research is concerned with the development of robotic systems which can support people in household environments, such as taking
care of elderly people. A central goal of our research consists in creating robot systems which are able to learn and communicate about
a given environment without the need of a specially trained user. For the communication with such users it is necessary that the robot
is able to communicate multimodally, which especially includes the ability to communicate in natural language. We believe that the
ability to communicate naturally in multimodal communication must be supported by the ability to access contextual information, with
topical knowledge being an important aspect of this knowledge. Therefore, we currently develop a topic tracking system for situated
human-robot communication on our robot systems. This paper describes the BITT (Bielefeld Topic Tracking) corpus which we built in
order to develop and evaluate our system. The corpus consists of human-robot communication sequences about a home-like environment,
delivering access to the information sources a multimodal topic tracking system requires.

1. Introduction dialogues online. To be able to develop and evaluate such a

Our research takes place within the “Cognitive Robot Com-Systém, we built a corpus containing the relevant informa-
panion” (COGNIRON) project. The project is concerned tion the system could acquire during a communication.
with the development of robotic systems which can support? contrast to the corpus created by (Green et al., 2006)
people in household environments, for example by takingVhich focuses on interactive aspects such as communica-
care of elderly people, or performing everyday tasks. tive problems anq spatial relations during communication,
A central milestone of the project is to create robot systhe BITT corpus is strongly focused on capturing higher
tems which are able to learn and communicate about gidlogue structures (i.e., topics) emerging during human-
given environment without the need of a specially trained™oPOt interaction. The corpus is designed to deliver prepro-
user. Thus, our research is focused on building a roboti€essed data for topic tracking algorithintacilitating the
system being capable of multimodal communication, espeole\(elopment and evaluation of such algorithms without an
cially natural language. The communication capabilities ofonline robot system.
the robot system should be as natural as possible, because .
constrained communicating systems — such as dialogue sys- 2. Corpus design
tems not capable of proper anaphora resolution — put addif order to get the information a mobile robot system could
tional workload on a non-specialist communication partneracquire during a communication, we decided to record the
Based on these considerations, we designate human-robegrpus from theobot’s perspective. To be useful for our
interaction as “natural” when research, the corpus had to contain natural — not artificially
. constrained — communication sequences. Additionally, the
1. the used modalities (language, gestures, etc.) are hg,pus should contain rich situated topic information.

same as for face-to-face human-human communicarhe setting of the corpus is a so-called Home-Tour sce-
tion nario, during which a subject introduces a robot to a

2. the human does not have to learn how to communicatBousehold-like environment. The advantages of such a sce-
with the robot, but can apply his or her knowledge of Nario for our task are:

human-human-communication. 1. Home-Tour scenarios resemble basic communication

In natural communication, knowledge about tntextof situations for a household robot.

the communication is necessary. One part of contextual in- 5 The topical structure of the communication is mainly

formation is the knowledge about the currémpic, which controlled by the subject and not by the robot or both
can be used for many communicational tasks, e.g. anaphora  .ommunication partners.

resolution, managing background knowledge, etc.

Since a household robot needs to be able to adapt to new3. The topical structure of the communication is likely to
and changing situations (“open-endedness”), it is not suf-  reflect the physical structure of the experimental set-
ficient to use predefined topics. Thus, we decided to build  ting, making it possible to enforce a rich topic struc-
a robot being capable of learning new topics by analysing  ture by the design of the setting.

}(Cogniron, homepage) 2for example, cf. (Allan, 2002)



2.1. Hardware 2.2.1. Setting

For the recording of the corpus we used the mobile robof\S can be seen on Fig.2, the room contained several topical
BIRONS? as a platform (cf. Fig.1). areas.

Fee il
B

—

Fig.2 - Part of the setting

Fig.1 - BIRON Examples for topical areas are a kitchenette, a working

place, a place to have a cup of tea, etc. In most cases,
BIRON is a modified ActivMediaPeopleBot. It is able to the topical areas were adopted by the subjects during the
detect people, communicate by spoken language, undefléscription of the room. Only in a few cases, topics span-
stand simple pointing gestures and detect specified object8ing the topical areas were developed, for example a topic
It has the ability to show several facial expressions on jt€oncerning all the plants in the experimenental room.
display, thus communicating different states of attentio
and reporting communication problems in a simple way.
Its sensory equipment consists of:

n :

2.2.2. Robot behaviour

During the experiments, the attention system of BIRON
was activated. Thus, it simulated attention by movements

e stereo microphones of the pan-tilt camera and rotation of the base, tracking
the subjects’ bodies and faces (cf. Fig.3). The display
e a pan-tilt camera for face tracking showed different facial expressions depending on the atten-

tion states, e.g., listening or waiting.

e alaser range scanner

e a stereo camera

We recorded each sensory source except for the laser rangi#e
scanner, which is only used for person detection tasks, bujss

the experiments, though.
Additionally, we recorded the experiments with an exter-
nal camcorder connected to a headset microphone. Thilg
facilitated the manual postprocessing — especially the tranj
scription — of the corpus.

2.2. Experimental design

We invited 29 people to show a specially prepared room Fig.3 - Human-robot interaction example

to the robot BIRON. The subjects were told that the robot

needed the information to introduce the room to seven yea, order to not restrict natural communication of the sub-
old children afterwards. We chose this scenario in ordefects by a restricted dialogue system or speech recognition
to bias the subjects to elaborate more on the contents @frors, we deactivated the verbal communication capabili-
the room. In several cases the people directly instructegles of the robot. This way it behaved only as a listener, but
BIRON to instruct the “children” about dangerous objectssimuylated attention by the above mentioned robot reactions.
or things to play with, indicating that this approach was ajthough the missing verbal feedback of the robot could
successful. be estimated as a drawback, we decided not to carry out
a Wizard-of-Oz style experiment in order to avoid subject
3¢cf. (Haasch et al., 2004) biasing. Also, it is not absolutely clear what tasks future




interaction robot systems will be able to accomplish, so thet.2. FO Information

definition of a simulation of theobot's (i.e., the wizard’s)  The Fo-information was recorded in time-aligned text files
capabilities would have been somewhat arbitrary. ~ generated by PRAAT, cf. (Boersma and Weenik, 2004). We
The resulting monologues were an ideal starting point folgecided to analyse the data gained by the headset micro-

our research, because they contained free, unconstraingfione instead of the robot microphones because of sound
speech, only user-initiated topic shifts and only few distur-qyajity reasons.
bances because of robot errors.
. 4.3. Transcription
3. Postprocessin _ :
P 9 ) . As mentioned above, the utterances of the subjects were

Based on hypotheses of cues relevant for topic tracking, W§aphemically transcribed. We used a simple annota-
were especially interested in the following information: tion scheme to mark aborted utterances or unusually pro-

1. Pauses (indication of topic shifts) nounced words. Noise, such as breathing of the subjects,
. L . : was annotated for speech recognition purposes, but this in-
2. FO information (indication of topic shits). formation was deleted from the topically annotated version
3. Lemmatised spoken language (indication of topics) of the corpus.
4

. . A fixed list of hesitations was defined and used.
. References to objects or groups of objects by Ian(]:

guage, gestures or both (indication of topics in situate
communication)

or most topic tracking and information retrieval tasks,
emmatisation or stemming is a necessary preprocessing
step. In the BITT corpus each utterance is specified as
5. For the evaluation task we additionally needed infor-well in a lemmatised as in a not lemmatised form. The
mation about topics annotated by humans. given lemmatisation of the BITT-corpus was performed

Note that except for 5., each of these types of informationWIth TreeTaggek

are or will be available to BIRON during a communication. 4 4 Reference solution
However, for the corpus we simulated most of the process- . .
. . One of the key aspects of the corpus is the annotation of
ing steps by manual annotations, to reduce the error ratg, . . . .
and get an optimal base for Topic Tracking object references. This information can be used to disam-

' biguate object references from different topics which bear
4. Annotation the same verbal description, e.g., “the plant”, but refer to

According to the stated requirements, we decided to includdifférent plants in different contexts.

all the data — except for the FO information — in one S|ngle4.4'1. Object resolution

XML-format. For each monologue, p_hasgs of spo_ken lan-ry e annotation differentiates between references to object
guage were detected by the automatic voice activity detec

4 groups and single objects. Objects were given an ID. Ref-
tion* (VAD) we use on BIRON. The monologues were thor- group g ) ) g

hiv t ibed and aft d iched by inf i erences to objects outside the room were not annotated.
ougnhly transcribed and atterwards enriched by Information g, object references were annotated as well as gestural

on multimodal references to objects or object groups, basegr combined references, although no difference in the an-

on gesture;, ! eference by Ianguage or both. However, no?‘?otation scheme was made. In case of verbal references,
that no explicit gesture annotation was performed. Only ob-t e referring NP was annotated (cf. Example 2.1). In case

J.e(;f that were referenced by deictic gestures were marke purely gestural object references, the part-of-speech tags
Inthe corpus. were left empty (cf. Example 2.2)

4.1. Time and pause information there is <object><reference oid="refrigerator01"/ >
The main elements of the corpus are communication seg<pos> a fridge </pos> </object>(...)

ments, i.e., utterances. Each utterance is a continuously

spoken part of language which is assumed to bear no topic ~ Example 2.1 - Verbal object reference resolution
shifts, i.e. a single — or no — topi'c. As mentioned above,lBok <objects<reference oid="plant02"/> <pos>
the utterances were detected using an energy based VA</object>

system. Each utterance bears a start and an end attribute in
the corpus files. This way, the start and end attributes of Example 2.2 - Gestural object reference resolution
consecutive utterances define speaker pauses. For example: . _
<utterance start="35.11" end="36.39"> (..) and a lot Purely gestural object references were very rare in the cor-

of things (...)</utterance> pus.
<utterance start="36.63" end="41.22"> (...) this desk 442 Object group resolution

for example(...)</utterance- We decided to differentiate between three types of object
Example 1. - Time Information groups. This distinction was made in order to reduce the
object space but to be able to consider references on object

We found that pause length is a useful indicator of toplcgroups as well. The three types of object groups are:

shifts in the corpus.

“The VAD system is part of the ESMERALDA toolbox, see Scf. (van Rijsbergen, 2005)
(Fink, 1999) Ssee (Schmid, 1994)



1. Groups consisting of items which are almost always 6. Outlook and Availability
referred to as one single group (e.g., a set of chocolatgnhe BITT corpus is currently used in the development and

bars) evaluation of the Topic Tracking software of BIRON. The
2. Abstract groups (e.g., all humans) {3;25 of the corpus which are freely (no fee) available con-

3. Groups consisting of individual items which are some-
times referred to as single items and sometimes are
mentioned as a part of a group (e.g., a group of plants 2 The time aligned pitch analysis files.
and the subject refers to the single plants afterwards).

. . ] ) Other parts of the corpus are protected by German data pro-
Groups of type (i) and (ii) were treated as single objectSiection law and can only be made available under special

1. The annotated transcriptions as described above.

i.e., they were assigned an id: circumstances.
(...) if they want to have<objects><group oid= If you are interested in using the BITT corpus for research
“g sweetd1” /> <pos>them</pos></objects> (...) purposes, please contact us by one of the email addresses

given in the header.
Example 3.1 - Object group reference resolution

7. Acknowledgments
Groups of type (iii) were annotated by specifying the ids of _ i 9 .
the objects contained: This research is supported by the Graduate Program “Task

_ _ Oriented Communication”, funded by the German Re-
(--.) here two<objects><group oid=""/ > search Foundation, and by the COGNIRON-project (FP6-

<member oid="plant05"/><member oid="plant01"/>  |ST-002020), supported by the European Union.
<pos>flowers</pos></objects> (...)

8. References

James Allan (ed.) 2002Topic Detection and Tracking
4.5. Topic annotation Kluwer Academic Publishers, Norwell, Massachusetts.
Eaul Boersma and David Weenink 2004. Praat: doing

Example 3.2 - Object group reference resolution

Three trained annotators annotated the topic for each utte honetics b ter (Version 4.2 17 [C :
ance. Each annotator had to decide on a non-hierarchical PONEUCS by computer (Version 4.2.17) [Computer pro-

set of topics before beginning the annotation work, but af-Coglgh'T:LgSL:Th;tpélwww,'prast'grg/ c ) Proi
ter familiarising him- or herself with the data. Thus, mainly h - 1ne _ r?gn.l/tllve obot ¢ ompar;lon — Project
global topics, i.e. topics occurring in more than one mono- omepage. URL: http://www.cogniron.org

logue, were annotated. We intended to annotate mainif™ Green, H. Hittenrauch, E. A. Topp and K.S. Eklundh

global topics, because for our applications, the detection 2006. Developing a Contextualized Multimodal Corpus
of local topics is only of limited use: Global topics bear for Human-Robot Interactianinternational Conference

information about recurring events, tasks etc., while local " Language Resources ?nd E"a'“ati?“ (LREC), Genua.
topics do not. A. Haasch, S. Hohenner, Siiel, M. Kleinehagenbrock,

Each annotator assigned one or no topic to each commu- S+ Lang, . Toptsis, G. A. Fink, J. Fritsch, B. Wrede
nication segment — communication segments without any and G. Sagerer. 2004BIRON — The Bielefeld Robot
topical indication, e.g. “what next”, were intentionally not €ompanion E. Prassler, G. Lawitzky, P. Fiorini and M.
annotated. This way, the complete corpus was annotated by Hagele (ed.): Proc. Int. Workshop on Advances in Ser-

each annotator, yielding three different topic annotations. _ vice Robotics, pp. 27-32. .
1999. G. A. Fink: Developing HMM-based recognizers

5. Statistics with ESMERALDAV. Matousek, P. Mautner, J. Ocelkov,

The BITT . £ 29 ibed and q and P. Sojka (ed.): Lecture Notes in Artificial Intelli-
€ corpus consists o transcribed and annotate gence, volume 1692, pp. 229-234, Berlin Heidelberg.

monologues of 24 female and 5 male subjects, as well as Springer.
the recorded data from the mentioned sensory sources. Thci005
total recording time was 320 minutes, with a mean of about '
11 minutes per monologue. The language of the experi-
ments was English, although most of the subfeetere
non-native speakers.

2620 references to single items were annotated, as well as
1419 references to groups of objects. The corpus consists
of 11209 communication segments. On average 4900 com-
munication segments were annotated with a topic by each
annotator.

C.J. van Rijsbergen: Information Retrieval
URL: http://www.dcs.gla.ac.uk/Keith/Preface.html, 2nd
edition.

1994. H. Schmid: Probabilistic Part-of-Speech Tagging
Using Decision Treednternational Conference on New
Methods in Language Processing.

“i.e., in the context of the corpus

8There were 2 native and 27 non-native subjects. Each of the
subjects estimated his/her English speaking capability as good or
better.



Towards a Multimodal Topic Tracking System for a Mobile Robot
Jan F. Maas, Britta Wrede, Gerhard Sagerer

Applied Computer Science Group
Faculty of Technology, Bielefeld University, Germany
{j maas, bwr ede, sager er }@ echf ak. uni - bi el ef el d. de

Abstract representational, reasoning and learning capabilities of embodied

Topics in situated and task oriented communication depend robots in human centred environments, e.g., private homes.

heavily on the given, often changing environment, making the de- Within this framework, several scenarios were defined to ob-

tection of predetermined topics in many cases useless. Detectiortain simplified access to the complex situations that can occur. Our

of non-predefined topics can enhance Human-Robot-InteractionTDT research is focused on the so called “home tour” scenario

(HRI) in a variety of ways, though. where a robot is introduced to an unknown private home environ-
In this paper we propose a way to dynamically determine ment. The robot should be able to communicate by means of spo-

topics during Human-Robot-Communication using well estab- ken language but also be able to make use of multimodal informa-

lished technigues such as Latent Semantic Analysis (LSA). Thetion as well. It should be able to follow users, ask questions and

procedure is based on multimodal cues, supporting the view thatlearn about the environment.

topics are not simply a property of spoken or written language, but

of r_nultimod_al situated communication. An onIine_ version of the_z 1.1.1. Comparison to other scenarios

topic detection system has been developed and is currently being

tested on our mobile robot BIRON. To demonstrate the feasibi- | comparison to other application areas of Topic Spotting or TDT,
lity of our approach, we present the results of an evaluation of our seyeral differences are obvious. A difference which makes topic

system on the BITT corpus. detection in situated communication difficult concerns the size of
Index Terms: topic tracking, multimodal dialogue, human robot  the entities which are to be classified: A newspaper article usually
interaction. has more than hundred words, containing many features allowing a
classification. In HRI it is possible to have multiple topic changes
1. Introduction during a single dialogue turn.

During the last years, topic tracking has been used to supportmany ~ Another challenge is the necessity to detiatamic(not pre-
different tasks in natural language processing. For example, topicdefined) topics, emerging through the structure of the environment.
tracking technigues have been developed in the context of informa-E.g., it is not useful to predefine topics such as “living room” for
tion retrieval [1] to make relevant information from written (e.g., there may be none, whereas a billiard room may exist which is
newspaper) corpora accessible. Also, topic detection and trackingvery unlikely in most homes and thus to appear in a list of pre-
techniques have been developed for broadcast news [2] or spodefined topics. These circumstances make solely word-based dy-
ken language databases [3], thus allowing topic sensitive searchnamic TDT in situated HRI nearly impossible. To cope with the
on broadcast news databases or building intelligent radios, whichdifficulties we propose the use of multimodal information such as
scan for selected information. gestures, object references, identification of communication part-
In our work we want to make the benefits of TDT in situated, Ners, etc., which will be available to our robot system.
task-oriented Human-robot-interaction (HRI) accessible. The goal
is the design of a system which allows a robot to track topics during 1 2. Related work
communication. The knowledge about the relevant topic can sup-
port several tasks of the robot, such as speech recognition, speeciivhile the detection of topics in situated, multimodal HRI is a
understanding or social interaction. For example, speech recogninew area of research, our method makes use of former success-
tion can be enhanced by adjusting the language model according tqul approaches of topic detection. The structure of the system
the current topic, while speech understanding can be enhanced byoughly follows the tasks defined in the Topic Detection and Track-
resolving underspecified references: The sentences “My shoes aréng project [2]. A related approach of dynamic topic detection on
dirty. Fetch me a brush” do not specify the kind of brush. Topical spoken language was developed by [3]. The capability of Semiotic
knowledge can help determining that a shoe brush is asked for.  Spaces — which are the basic technique of our topic tracking ap-
Generally speaking the TDT information can be used for adap- proach — to cope with additional, dialogue related information was
tation of the robot to a given environment, allowing “soft” adapta- shown in [5]. Our approach of segmentation of spoken language
tion rather than learning “hard” facts, i.e., propositions. into topics made use of the results in [6].

While most of these approaches have been proved to work on
large non-situated corpora, it is our goal to develop a strategy for
The research is embedded in the framework of the COGNIRON- topic tracking in situated communication with few training data
project [4]. The main goal of the project is to study perceptual, supported by multimodal information.

1.1. Scenario



2. Topic Tracking Approach tances of the word or text vectors are a measure of similarity, sim-
ilar entities being close to each other. The more often signs co-
occur, the smaller the distance between the signs will become.
In text technology several kinds of Semiotic Spaces exist [8].

Semiotic Spaces differ in their power to represent semantic
associations and their computational speed, but additionally in the
need for specifying the number of topics beforehand. For this rea-
son, we did not use Support Vector Machines (SVM) or Proba-
bilistic Latent Semantic Analysis (PLSA), because the highly dy-
namic household environments do not allow to specify the number
of topics in advance.

For our experiments we employed three Semiotic Spaces: The

simple vector space model [10], Fuzzy Semantics [11] and LSA
[9]. In the simple vector space model, each sign is represented

Before we explain the method underlying our approach, we want
to define the notion “topic”. Intuitively, a topic is “what a text or
discourse segment is about”. It is possible to have several namesy .
for a topic, e.g., “washing clothes” or “how to do the laundry” etc.
([71, p 72), therefore we do not indicate topics by speaking names
but by sets of signs which are thematically related (e.qg., “washing
machine”, “washing powder”, “water”, “tap” etc.).

In our approach we definetapic T as an abstract property of
communication segments. éommunication segments a col-
lection of signs perceived by a robot during a certain period of
time. For example: A human shows the task of dish-washing to
a robot. The words uttered by the human, but also the objects

involved in the interaction and possibly more signs build a com- by a vectors = (di, ...d,.), with d,, being the entropy-weighted

munication segment. frequency of the sign in the’th communication segment of the

/A communication segment is assumed to bear exactly One aining set. Fuzzy Semantics spaces are normalised simple vector
topic, although several consecutive communication segments maygnaceq. while LSA employs dimensionality reduction on the data
have the same topic. Merging such communication segments; reduce the impact of “noise”.

would result in another, larger communication segment.
_ A perceived sign, which is an elemt_ent of a certain ComMMuU- 5 4 procedure
nication segment, may indicate the topic of the communication _ _ _ _ )
segment. For example, the word "fridge” uttered during a commu- The topic tracking procedure consists of five steps in order to com-
nication segment may indicate a topic centred around a kitchen.pute the indication strength for each topic indicating sign: Seg-

Also, the gestural reference to the fridge can do the same. mentation, preprocessing, semantic association, clustering of the
Semiotic Space and estimation of support strength. These steps
2.1. General Idea are computed on training data. Segmentation and preprocessing

are also preparatory steps for the Topic Tracking on new communi-

Itis our goal to dynamically build and detect topics emerging dur- cation segments. Depending on the hardware and algorithms used,
ing a human-robot-interaction. To reach this goal, we gather in- each new communication segment can be employed for training
formation about signs commonly co-occurring during communi- after its classification, enabling topic learning during the commu-
cation segments, which are derived from a continuous communi- pjcation.
cation during a segmentation process. Signs which commonly co- 1. Segmentation: The goal of the segmentation is to split a
occur are assumed to belong to the same topic. This way, the signgommunication process into communication segments, which ide-
of former communication segments can - if encountered again - ally have exactly one topic. During the segmentation phase, signs
be used.to repognise the current topic. The.information gatheredfrom different modalities are merged in a “bag of signs” which
about this topic so far can then be used for different tasks. constitute the communication segment. The segmentation process

In our approach, a topic is represented by the set of all topic s the main information source for the unsupervised learning task,
indicating signs (e.g., function words — like “and” —which indicate which takes place during the calculation of the Semiotic Space
no topic are not part of this set) and the indication strength of the and clustering. While segmentation is an important issue for our
sign for the topic (see below). This way, a simple weighted uni- topic tracking approach, it heavily depends on the kind of commu-
gram classification can be carried out to detect the topic of newly nication. For our system, we use several multimodal cues such as

encountered signs, i.e. communication segments. movement of the user, eye (camera) contact and dialogue structure.
_ o Consider that two different segmentation processes take place
2.2. Why using Semiotic Spaces? for training and tracking: While the segmentation process for train-

ing results in long communication segments to gather as much co-
occurrence information as possible, the segmentation process for
the tracking delivers short pieces of continuous communication,
e.g., utterances. This is done to allow real-time tracking. To avoid
confusion, we will call the segments which result from the first
method “communication segments”, and the segments for tracking
“chunks”. Further, the notion "segmentation” will only be applied

to the process of creating communication segments. Chunks are
gained by an automatic voice activity detection both for the online

The idea of representing semantic relationships by utilising co-
occurrence information is the central idea of Semiotic Spaces [8].
In information retrieval research Semiotic Spaces have been suc
cessfully used to build up groups of texts or words which are sim-
ilar or belong to the same topic [9]. Semiotic Spaces are not re-
stricted to words or a single source of information, but can be ap-
plied to data from mixed sources of information as well [5]. Addi-

tionally, Semiotic Spaces can be applied to very small training sets,
thus allowing for topic tracking in very short communications. : ;
Further, they are robust against dialogue parsing errors, since the);ystem and the offline experiments.

rely on symbol-based cues. For these reasons, we decided to use 2. Preprocessjng:Prepropessing'iS concemed .With deleting
Semiotic Spaces as the core technique for our research words that are unlikely to indicate topics, e.g., function words, not
' conventionalised gestures, etc. Also, signs may be transformed

into more abstract signs when they have the same relevance for a
topic (e.g., by lemmatisation). In our system, a stoplist of func-
Semiotic Spaces are in most cases high-dimensional vector spaceion words was manually created. Lemmatisation is also done by
into which texts or words are projected. In these spaces, the dis-a manually edited lookup table, although more elaborated algo-

2.3. Types of Semiotic Spaces



rithms exist and were utilised for the offline experiments (see be- during tracking — by BIR®N's voice activity detection. Time in-
low). formation (start and end) was added to each chunk.

3. Semiotic Space:This step is needed to compute the dis- To facilitate topic tracking evaluation, three annotators noted
tances of signs to each other, building the necessary foundation fora topic for each chunk. The annotators decided on the topics for
a topic clustering. Distances can be computed with several stan-themselves before annotation and after making themselves familiar
dard distance measures such as cosine, Euclidean distance, etc. with the corpus. This way, dynamic topic tracking on the corpus

our system, we usually apply correlation coefficients. was performed manually.
4. Clustering: The Semiotic Space only represents themati- )
cal distances between signs. To gather information about interre- 4. Evaluation

lated signs, i.e., topics, a clustering algorithm is applied. For our
purposes, we use average-linkage agglomerative clustering [12]
since it is fast and allows for dynamic segmentation by specify-
ing a clustering limit. During the experiments, the algorithm was
constrained to detect 10 clusters or less — slightly more than in the
manual annotation — to support comparability.

5. Classification: Preceding classification, the average dis-
tance of each sign to each sign within a topic cluster is computed.
To determine the topic of a chunk, we simply sum the distances
of the signs in the chunk for each topic, thus implementing a
weighted unigram classification. The topic with the highest value We compared the results with the three manual topic annotations
is the detected topic. Should no topic be detected because of n®f the BITT corpus. However, a direct comparison is not possi-
topic indicating signs, the last detected topic is registered. ble because of two reasons: First, the number of automatically and

Consider that in the online system, steps 3 and 4 are contin-manually detected topic may change from communication to com-
ually repeated during communication, thus updating the system.munication. Second, a decision process is needed for determining
For offline evaluation, topic clusters based on a training set were which dynamically detected topic represents which manually de-

For evaluation, each of the 29 monologues of the BITT corpus
‘was tracked by our system. The training set for each monologue
consisted of the 28 other monologues. Lemmatisation of the words
of the corpus was performed with the TreeTagger [15].

To create communication segments for building the training
sets, subsequent chunks bearing the same manually annotated
topic from the topic annotation of the BITT corpus were merged.

4.1. Evaluation metric

created and not modified during tracking (see below). tected topic.

To cope with these problems, we developed the following eval-

3. Corpus uation metric:

Evaluation of our topic tracking system was performed on the 1. The chunks which were automatically classified as belong-
BITT-corpus [13], which was developed for evaluation of topic ing to a single topic were determined.
tracking on mobile robots. The corpus consists of 29 human-robot 2. For these chunks, the quantity of chunks belonging to each
interactions in a scenario similar to the home tour. The subjects manually determined topic was determined.
introduced a room they had familiarised themselves with to the 3. The chunks bearing the manually detected topic with the
robot BIRON [14]. The room was specially prepared to contain a highest count were considered as correct, the chunks bear-
lot of items which topically belong together, for example a place ing other manually detected topics were considered as false.

to play games, a kitchenette, a working place, etc. Thus we hoped
different topics related to the different areas would occur naturally
during the communication.

BIRON is a modified Pioneer PeopleBot from ActivMedia. It
was able to turn the base during the experiment, to watch the in-
structor and to track the face of the user with a pan-tilt camera.
Thus, the robot simulated attention. No more robot reactions took
place in order to minimise communication problems, allowing the
people to communicate most naturally and without special instruc- 42 Results
tions. Because of the small number of constraints the resulting data™ "
was highly heterogeneous: People used different communicationWe now want to discuss the results from the offline evaluation pro-
strategies, different detail levels, etc. The duration of the experi- cess. Since we believe that for topic tracking on situated HRI a
ments varied from 3 minutes up to over 30 minutes, with about 9.5 multimodal approach is needed, we varied the available sign types
minutes average. The interactions were recorded and manuallyfor training. The system was tested with words (Table 1), with
transcribed. verbal object references replaced by object IDs (Table 2) and with

object IDs obtained from verbal and/or gestural references only
Annotation After the transcription, object references were anno- (Table 3). Also, the amount of signs used for each evaluation was
tated, thus simulating the capability of our robot to detect objects varied by setting”min, the minimum number of communication
which were verbally and/or gesturally referred to. Each object was segments in the training set in which a sign has occur to be consid-
given an ID. In some cases, object groups were marked, e.g., aered. While testing the mixed approach, words were given a 50%
set of chocolate bars which were usually referred to as a set werepenalty on their topic indication strength compared to object ref-
given a single ID. Consider that almost no gestures referring to erences. This was undertaken to enhance the results, since words
objects occurred without accompanying speech, although the geswere assumed to be less reliable in topic indicating than object
tures were in many cases necessary to resolve the reference. references.

The signs (words and object references) were grouped in shortTable 1 shows the results for only word-based tracking. Although
intervals of continuous speech — the chunks which are classifiedthe results are not satisfying, three tendencies are observable: First,

This process was repeated for each automatically detected topic,
the results were summed up. With nearly 4900 manually annotated
chunks for each of the three annotators, each evaluation is based
on about 14.500 single values.

The topic tracking system was biased to detect about as many
topics as were determined by the human annotators by specifying
a maximum number of topics to be detected.



Table 1:Word based approach

CMin 2 3 4 5 7 10 | 15 | 20
LSA 64.7| 64.2| 64.0| 64.2| 64.3| 62.3| 61.1| 57.2
FSem || 58.3| 60.4| 59.8| 61.6| 63.0| 60.5| 59.1| 53.8
Vec. 50.1| 56.4| 57.6| 61.7| 58.9| 60.6 | 59.4| 53.5

the further development, integration and enhancement of the topic
tracking software for the mobile robot.
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LSA performs better than the other approaches, with the simple
vector space model as the worst. Second, the approach based on
the simple vectorspace is somewhat susceptible to disturbances by
rarely used words. With such words deleted, the performance ofq
the model increases. Finally, the performance of each model drops
when too many topic indicating cues are restricted, i.e. for high 2]
values ofCmin.

Table 2:Mixed approach, penalty of 50% for words 3]

CMin 2 3 4 5 7 10 | 15 | 20

LSA |/ 80.6|81.5|82.6|81.2|81.0| 80.3| 73.6| 63.8

FSem| 69.4| 72.8| 69.9| 66.5| 71.1| 69.9| 73.8 | 64.6 [4]
Vec. 62.4| 72.0| 74.3| 80.4| 79.8| 79.3| 72.4| 62.5

(3]
The same tendencies can be found in Table 2, where the simple
vector space model sometimes performs even better than the Fuzzy
Semantics approach. The fluctuation in the results of the Fuzzy Se-[6
mantics Space are probably an indicator for the limited capability
of the model to incorporate cues from modalities which share dif-
ferent distributions in the corpus. For topic tracking in HRI, it is
desirable to cope with small values féfmin, since more infor-
mation is gained and smaller training sets are necessary.

Table 3:References only

(8]

CMin 2 3 4 5 7 10 15 | 20
LSA 89.4(190.2|89.1|88.8|87.7|87.0/81.9| 71.2 [9]
FSem|| 86.2| 89.2| 89.0| 89.4| 88.7| 88.0| 81.4| 70.9
Vec. 90.0(90.0| 88.9|90.0| 87.4| 86.2| 82.1| 71.3
Table 3 finally shows that topic tracking based only on multi- [10]

modally resolved object references performs best on the corpus,
indicating a strong connection of topics and objects in the environ- [11]
ment. Interestingly, the three models show no great differences in
performance, probably because of the fact that objects belong to
topics nearly on a 1:1 basis, thus reducing “noise” tremendously. [12]

5. Discussion and future work

The results show that using multimodal information is necessary
for topic tracking on situated HRI. Obviously, object references [13]
are strong topic markers. The mixed model shows acceptable per-
formance while delivering additional information compared to the
reference based approach, namely word/topic relationships. Since
this information is desirable, future work will comprise the devel- [14]
opment of mixed approaches, combining the good tracking results
of solely object-based approaches with the additional information
of mixed models. Solely word-based-tracking performs poorly,
thus supporting our assumption.

Based on this offline system, an online topic tracking system
for the robot BIRON has been developed. At the moment, experi- [15]
ments concerning topic tracking during communication sequences
with BIRON are carried out. During this evaluation, the automatic
segmentation will be tested. Future work will especially focus on

Graduate Program “Task Oriented Communication”.
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Interaction between dialog, supervision and planning

Joint RA6-RA1 working document
January 2007

1 Introduction

This document reports on several work meetings and discussions oriented toward the incremental
design of the interplay between the robot supervisor called “SHARY” (Supervisor for Human
Aware Robot Ynteraction”) , the high-level planner called “HATP” (Human-Aware Task Planner)
and the Dialog system.

The study has essentially focused on the verbal and non-verbal communication acts associated
to the establishment of a joint task between a robot and its human partner and the different
decisions that are involved in the task achievement.

This is a joint between RA 1 and RA 6.

2 The framework

The chosen framework is the joint activity paradigm. In the case of Cogniron, we shift from
agent-agent to human-robot interaction and more particularly here on interactive/collaborative
task achievement.

The framework and the associated requirements that have been expressed above involve various
issues in Cogniron. We concentrate here on the interaction between Supervision (and the planner
as a resource) and Dialog.

We would like to establish mechanisms for flexible coordination and turn-taking in a context
where the robot will try to acquire human acquiescence of its behaviour.

This will be done on the basis of concrete problems borrowed from KE2 and KE1.

The starting point is that we envision KE2 and KE1 as relevant context for joint activity.

This might be present at several levels of the task hierarchy. For instance, in KE2, when the
human asks for a drink, the overall goal is treated as a joint activity between the human and the
robot. During execution, several (sub-tasks) will be performed. Some sub-tasks will be treated
as individual tasks (e.g. when the robot picks an objects or navigates to a given place) and some
sub-tasks will be treated as joint tasks (e.g. when the robot hands the can to the person).

For KE1, it is interesting to study the overall home tour as a joint actvity where the human
and the robot “collaborate”. the overall gaol is achieved when the robot “knows enough” about
the home. During this overall process, sub-tasks can be also analysed from this point of view, for
instance when the human points and names a object. Indeed, a complete transaction should be
performed where the robot and the person are involved: motion of the robot in order to place itself
in a proper position, perception of the object and possible iterations of the process supported by
dialog, etc..

2.1 Possible communicative acts

At any time, both the user and the robot can propose the following task-based communication
acts:

ASK_TASK proposing a task.



PROPOSE_PLAN proposing a plan (recipe) for a certain task
PROPOSE_MODIFY_PLAN proposing a modification of the current plan for a certain task

GIVE_UP gives up a task (e.g., because the task becomes impossible). For the robot this is a way
to announce that it is unable to achieve the task.

CANCEL cancellation of a task (voluntary give-up)
TASK_DONE announces that the task has been done

REALIZE_TASK announces that the task performance will start.

The dialog negotiates with the user till she provides a clear reply which the dialog can associate
with a set of pre-defined supervision requests. This means that the supervision will always get a
clear reply of the user.

This process is performed along the task hierarchy that is produced by the planner or en-
coded as procedural knowledge in the supervisor (Open-PRS provides a context-dependent goal
decomposition).

Supervision and dialog interact about the SuperTask and joint subtasks, but not on sub-tasks
that involve only the robot.

2.2 Communication context

One or two steps: Depending on the situation an answer may follow directly a request or not.
In such a case, there is an acknowledgement and the answer come later.

Explicit or implicit communication Note that, depending on the context, the communica-
tion acts may be implicit. For example in some situations, the robot will proceed without asking
or proposing a plan/recipe because it considers that it is in a situation where its intentionality is
“visible” and where the human is supposed to know what the robot is doing. Other examples are
the monitoring of situations that can be interpreted as a signal of CANCEL for instance (e.g. if
the person retracts his hand during while the robot is handing him an object).

Remark on “public” and “private” plans: planning and supervision system consider plan
at two levels, i.e. a plan got a "public” part that has to be shared with the participant of the task
and every modification should be discussed; and a ”private” part for which there is no need to
inform the partner (ex: robot changes its motion algorithm for a better adapted one). Only the
public part of the plan will be communicated to the dialog system.

3 Scenario and variations

The scenario is based on the KE2 scenario.

3.1 Basic scenario

Jido is in its waiting zone. Luis comes and asks Jido: ”robot, bring me a coke”. Jido accepts. It
goes to the cafeteria, finds the cola can, and brings back the cola to Luis’ office. Jido and Luis
exchange the cola can.

3.2 Variation 1

Example 1 Jido meets Luis at the cafeteria. Before it takes the can, the robot proposes Luis
to take the can himself. Two possibilities:

e Luis agrees.,

e Luis refuses.



Example 2 Jido meets Luis while heading to Luis Office after it has taken the can. Jido proposes
to Luis to give immediately. Two possibilities:

e Luis agrees and takes the cola can,

e Luis refuses.

Example 3 Jido goes to the cafeteria, no cola anymore, but another position is available for the
can (and Luis do not said specifically from where the cola should come).

Analysis

A new plan is being constructed during the execution. The information comes from the planning
system. The robot proposes it to the user.

Example 1 and 2 consider changes of ”public” part of the plan and example 3 considers the
”private” part (given that Luis did not say anything concerning the cola location, that would be
different in that case).

The dialog system will receive a message asking for a plan modification and will generate
appropriate message to the user.

Question : even if a better plan has been computed, do we have to consider to disturb the
human every time (that will not happen so many times), or just when it is in a zone ”around” the
robot, or when the robot "knows” that the human can be disturbed ? This is clearly context and
user dependent.

3.3 Variation 2

”Bring me a coffee from the cafeteria.”

”Bring me a coffee in my office”

Analysis

In that case, we could consider that user adds constraints to the task.

It seems reasonable that we can have some objects with the same type or many locations
possible for a given object.

If the task comes with constraints, we should add constraints to the task definition, so we
should define a language of constraints. Constraints will be defined in an independent manner:

TASK + CONSTRAINTS

Constraints will be on instantiation of variables (e.g. : object/person name, place)
The set of tasks and possible constraints associated to them must be made available.
Question is it possible for the dialog system to analyse this type of sentence as: Task :
Bring(Coffee, Luis, constraints (Coffee.Location = Cafeteria))

3.4 Variation 3

”Bring me a coffee. Put it on my desk.”
”Bring me a coke to my office. Oh, but put it on my desk (not on my chair).”
”Bring me a coffee. Give it to me.”

Jido arrives at Luis office, Luis said ”put it there please”.



Analysis

Here the user gives/imposes a part of the plan.

How does dialog know that these are not two tasks, but one task and a plan proposal /
modification? This, clearly cannot be disambiguated if its not linked with the overall joint activity.

Another problem for the dialog is to refer to ”it” and my in ”Put it on my desk” as the coffee
and the user desk.

Question for user studies (e.g. by KTH?) : Will users utter more likely:

1. two different tasks in a sequence (e.g. "bring me a coke and then water the flower”)
2. or a task and a plan proposal (e.g. ”bring me a coke and put it on the table”)

Even if it is not possible for the dialog to disambiguate, if the information could be communi-
cated to the supervision level as two consecutive ASK_TASK. Another possibility is to have access
to the possible decomposition of “bring” in order to detect that “put” is to be interpreted as a
sub-task.

3.5 Variation 4

"if I’'m not in my office, put it on my desk”

Analysis

Conditional modification of the plan.
Questions

e dialog: is it possible for the dialog to understand the conditional ?
e planning: for now, seems to difficult to take this type of information into account.

This is clearly an interesting problem since the user give a high-level script.

3.6 Variation 5

No plan is found.

Analysis

Robot can say that no plan has been found but cannot say why. Indeed, standard planning systems
today are not able, in the general case, to provide explanations of their failure to find a plan.

3.7 Variation 6

”Bring me a coffee. I will be in my office”

Analysis

In that case, user gives an information that will be true later. Seems not so simple from the
planning part to model this type of constraint and to take it into account. However, HATP
(under construction) will have the possibility to build plans that synchronize with expected events
(temporal planning).

Question concerning the dialog system, is it something understandable 7 Seems two separate
sentences needed.



3.8 Variation 7

”bring me a coke ah... and bring me a mars”

This has to be interpreted as a conjunction of goals, or as two tasks that do not need necessarily
to be solved in sequence....

3.9 Variation 8

Theoretically, when a planner is involved, this could help to process indirect speech acts such as:

U: Oh, it’s cold here! No wonder, the window is open.

Thus, the dialog component could enter two facts to the common database: (1) user thinks
it’s cold (2) window is open. A planner might be able to deduce from this that it would be more
comfortable for the user if the window was closed. The planner could thus compute a plan for
closing the window and send this plan-suggestion to the dialog component. The dialog would then
react with:

R: Should I close the windows?

But this requires a common database which doesn’t seem to be that simple and thus is rather
future work.

3.10 Variation 9

can you do that with that parameters ? what can you do ?

This variation illustrates the difference between questions about the general abilities of the
robot and questions related to its capacity to answer if it is able to achieve a task in the current
context.

4 Interaction between CF- DLG and CD-RET

We have defined a first sketch of the interaction protocol and data exchanges between Dialog and
supervision for human-robot dialog interactions linked to “joint tasks”.

The planner intervenes as a “resource” that is invoked by the supervisor, when necessary, ta
assess the feasibility of a task in a given context.

The examples are borrowed from the uses cases: basic scenario and variation 1. Three steps
have been analyzed: START (figure 1), TAKE( figure 2) and GIVE (figure 3).

The different steps are decomposed along the axis Dialog/Supervision/Planning.



User Dialog

Bring me a coffee

Supervison

ASK_TASK(bring(object:coffee)

(person:Louis)

AGREE_ASKED_TASK((bring

plan available ?

Planner

OK

OK, I can do it.

executes
the task

REFUSE_ASKED_TASK(bring

-

Sorry, I can’t do it because}..

Figure 1: START: the human asks for a task, the robot accepts or refuses depending on it ability

to find or synthesize a plan

5 Interface between Dialog and Supervision

We provide here below a preliminary definition of the data structures that will be exchanged

between the Dialog and the Supervisor.

5.1 From Supervision to DLG

<MSG>

<sender>Supervision</sender>
<receiver>DLG</receiver>

<commAct state = "launch/stop">

<act>the communicative acts above</act>
<property>agree or refuse or act</property>
<info>

<task id =

"the ID of a task (specified by the user) or
a subtask (specified by the planner)">

<person>...</person>
<obj>...</obj>
</task>

<plan feature =
</info>
</commAct>

"new or current">the name of the plan</plan>



User Dialog Supervison Planner
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—dq
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new plan ?

new plan available

MODIFY_PLAN(bring, current gnd new plan)
Expectation(agree/refuse(newPlan))

Don’t you want to take it now?

Yes

AGREE_MODIFY_PLAN(bring)

Figure 2: TAKE: the robot encounters the user before reaching the place where it was supposed
to give to can to him: it proposes to hand it in the current place. This is a situation where the
robot decides a communicative act and proposes a new “recipe”

<expectation>
<commAct> as defined above</commAct>

</expectation>
</MSG>

Explanation :
e <commAct state = "launch/stop"> :

— launch: the supervision is launching the communicative act,

— stop: the supervision just stops this act.

e <property>agree or refuse or act</property> : an attribute "act” is the content that
is refused or agreed upon

5.2 From DLG to Supervision

<MSG>

<sender>DLG</sender>
<receiver>Supervision</receiver>

<commAct state = "final/negotiating">
<act>the communicative acts above</act>
<property>agree or refuse or act</property>
<info>



User Dialog Supervison Planner

plan available

ASK_TASK(give)

Here is the coffee. Expectation(agree/refuse(plan))

OK, Go on. (gives signal)

AGREE_ASKED_TASK(give)
REALIZE_TASK(give)

plan

)
Q
=
=3
Q!
Q
<
,

the

No, put it on the table.

REFUSE_ASKED_TASK(give)

MODIFY_PLAN(bring, the new plan)

new plan with put ?

new plan available

Figure 3: GIVE: the robot hands a coffee to the user. In the first case, the user agrees with the
current task achievement and the robot performs its plan. In the second case, the human rejects
the plans and proposes an alternative solution to the same joint task: put the coffee on the table.

<task>

<person>...</person>

<obj>...</obj>

<position>the concrete position or gestureExpected6</position>

</task>
<plan feature = "new or current">the name of the plan</plan>
</info>
</commAct>
</MSG>
Explanation :
e <commAct state = "final/negotiating"> :

— final: the final result of the dialog’s processing as to what the user said,

— negotiating: the dialog is still negotiating with the user, in this case, the following
commAct may not contain all the information



e <act>the communicative acts above</act> : if the dialog knows the commAct, then the
value of "act” will be set to

e <property>agree or refuse or act</property>: an attribute act is the content that is
refused or agreed

e <position>the concrete position or gestureExpected</position>: "gestureExpected”
is sent to Supervision, if the speech understanding indicates that a gesture is expected, e.g.,
in case of "this” or "there” and if no gesture result can be found in the gesture-database.
After receiving this message, the supervision will active the gesture recognition whose result
will be put in the database. The dialog will access this database to retrieve the result. If
there is still no result, then the dialog will continue to negotiate with the user.
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1 Introduction

In the Cogniron corpus (Green et al., 2006) we have
collected and annotated several types of data that
gives us an opportunity to classify users according
the their behavior. In the so called Home Tour sce-
nario described in (Green et al., 2004) the users were
asked to show objects and locations to a service
robot using a combination of speech and gesture. By
using the corpus we can analyse interaction between
users and robots in terms of communicative behav-
ior and other actions that can be used to group users.

In the robotics scenario we are investigating
the adaptation that concerns the actual interaction
model, i.e., how we can adapt the interactive behav-
ior of the dialogue system depending on the type of
user.

Fischer (2006) used internal criteria to group
users into to players and non-players. According to
the model proposed by Fischer (Fischer., 2006) users
of a task-oriented natural language dialogue system
can be grouped into two major groups depending on
their responses to the first contribution of the sys-
tem, e.g., “how do you do?”. One group, referred
to as players are more willing to play along within
the scenario, they are more cooperative and the com-
munication displays properties that show similar-
ities with human-human natural language interac-
tion. We might use this line of reasoning and apply
it on our corpus data, trying to find some key phrase,
combination of gesture or other behavior that could
be used to distinguish between types of users.

e One assumption is that the way objects and lo-
cations are introduced to the robot can be used

as a characteristic for grouping users.

e Furthermore the first encounter of communica-
tive problem can provide a cue to whether the
user is actively playing along or is primarily us-
ing the robot as a tool.

In the following we will examine two types of
user activity that we might use to distinguish be-
tween types of users. First, in section 1.1, we will
look at interaction from an information point of view
with respect to the specific action sequences the user
follows and the results in terms of robot behaviour.
Secondly, in section 1.2, we will attempt to estab-
lish user types that are based on communicative be-
haviour as such.

1.1 What do unsuspecting users do?

A user model that is based on the information avail-
able to users can be maintained by maintaining an
action history, e.g., by storing communicative and
other actions. Using this history we can apply
heuristics to arrive at an information state for a par-
ticular user that can be used to group users.

Again we are interested in establishing differ-
ences between users early in the interaction, hence
we are looking at initial interaction patterns. If we
look at the sequence of interaction between the in-
teraction with the robot to the first problem encoun-
tered we find the following:

e Every user greets the robot in the first turn.

e Every user (except one) initiates the follow be-
haviour of the robot after the greeting.



e Half of the users experienced problems with the
follow function.

e All users, except two, succeded with a show
mission before experiencing some type of mis-
communication.

If we look at the characteristics for the cases for
which there are more than a few users, i.e. Greeted
(all), Problem/No problem with Follow (half/half)
and Show worked (most users). Using this dynamic
information we could initially divide users into the
following groups:

o Initial Greeting
e Could use follow
e Could use show

The question is what we could do in terms of de-
sign of a the dialogue. First of all, greeting allows
the system to choose the next move, for instance, to
suggest a set of tasks that are available. And, given
the amount of users that greets the robot, any de-
viance from the initial-greeting pattern could be in-
terpreted as a possible case of miscommunication.

1.2 Manipulators or Pointers?

In figure 2 the use of ergotic gestures, e.g., moving
objects about, while preparing to show objects to the
robot and the use of deictic gestures, i.e., pointing to
objects and locations.

When looking at the sequences of interaction it
appears that a preparation, i.e., Manipulation pre-
cedes Pointing, is a typical sequence. However,
when looking at the data it appears that some of the
users are manipulating their environment less than
others. Hence, we could distinguish between users
by using the ratio between manipulation, referring
to one category as manipulators and the other one as
pointers.

There are some problems with this approach, as
there are obvious cases where there is no difference
between the amount of manipulation and the amount
of pointing gestures. Furthermore, if the user is
pointing to locations these are not being manipu-
lated at all.
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Figure 2: The figure shows pairs consisting of ma-
nipulations per minute (left bar) and referencing ob-
jects through pointing per minute (right bar)

2 Conclusion

Since we are using data from a study that only con-
cerns the very first encounter between the robot and
the user we should be careful with respect to the gen-
erality. However, we believe that the first experience
with the robotis important for what happens next
time the user encounters the robot. As any type of
problem, breakdown or sucessful use of a new fea-
ture provides an opportunity for learning the bound-
aries for the system (Martinovski and Traum, 2003)
we still believe it important to model this first en-
counter.

We have briefly sketched two different type of in-
formation that could be used to group users in the
very first robot encounter.

e Greeting, first actions and first problem en-
countered,

e Distribution of deictic and ergotic (manipula-
tive) gesture.

The first type of information can be accounted
for using, e.g., an information-state approach used
in dialogue systems. The second type, provides a
challenge for a sensor based system. Thus in order
to encounter for this type of activities we need to
detect both pointing gestures and ergotic gestures.
It is therefore necessary to allow for any compo-
nent that maintains a user model to be able to re-
ceive or get information from other system compo-
nents and should be considered in system design.
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Figure 1: The initial part of the user sessions. First interactions and the first actions leading up to a miscom-

munication or problematic event.

Since this work is explorative we will turn our fu-
ture interest towards behavioural features of interac-
tion that could be used to tie into other frameworks,
for instance, the notion of engagement (Sidner et al.,
2005; Sidner et al., 2004). And also, with respect to
Fischer’s notion about the player/non-player, the no-
tion of presence as immersion (Lombard and Ditton,
1997) and willingness to suspend disbelief (Lom-
bard and Ditton, 1997).
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1 Realization of Adaptation

The biggest problem / danger in the implementation is the quantization of all the thresholds.
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1.1 Overall structure and task devision

1.1.1 InteractionManager

the interface between the dialoging / roboting and the adaptation classes. Classes of the package
dialoging and roboting call the adaptation classes via the InteractionManager.

1.1.2 User
models all the information that models the user:
static feature: String name, int id (can be variable from session to session), boolean isCP

dynamic features: interactionFrequency, interactionType (player vs. non-player) and helpSeekingType
(helpAppreciater vs. helpRejecter).

1.1.3 AdaptationSupervisor

the supervisor of the adaptation process. Receives messages on trigger fire from the
InteractionManager and organizes the adaptation process as follows:

1. Call adaptstrategyProvider to get the appropriate strategies for the current trigger.

2. Call adaptstrategyScheduler to sort the vector of strategies that this class receives from the
AdaptStrategyProvider and schedule the order that the strategies should be executed.

3. Call adaptstrategyExecutor to execute the strategies.

1.1.3.1 AdaptStrategyProvider

This class contains hard-coded policy for “what-strategy-should-be-activated-for-the-user-given-the
trigger”. It is also responsible for updating strategies when user behaviors are observed that affect the
strategy policy in general. (for strategy policy updates, see 1.5.4How the updating works) Most
important variables and methods are:

AdaptStrategyProvider

Variables private Vector tStrategies;
private Vector sStrategies;
private String sStratGroup;
private String tStratGroup;
private int tInitiativeFrequency;
private int sInitiativeFrequency;

Methods getStrategiesForTrigger()

updateGroupForCurrentUser()

SetInitialStrategiesForNoviceUser ()

setInitialStrategiesForKnownUser ()

1.1.3.2 AdaptStrategyScheduler

The scheduling is especially important if there are still strategies to be executed left out in the vector
sortedStrategies as a new trigger is fired. For more detail on the handling see 1.3.2Strategy
scheduling:
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AdaptStrategyScheduler

Variables

private static Vector sortedStrategies;
private int indexOfStratBeingUsed;
private boolean moreStrategiesAvailable;

Methods

getStrategiesForTrigger ()

getNextStrategy ()

expandSortedStrategiesWith()

1.1.3.3 AdaptStrategyExecutor

This class directly calls the DiscourseOperater to create the appropriate exchanges. In case of normal
exchanges that expect user reply, the crucial handling of user answer is done in the bialogManager
and with the configuration file meaningEffectMatch.xml. (see )

1.1.4 DiscourseObserver

This class is responsible for checking out each Exchange that is put into the discourse to find out:
1. whether a trigger for adopting a strategy can be fired
2. whether a trigger for updating the strategy policy can be fired
3. count how many errors the user and the robot create during the interaction
4. count how many meaningful exchanges are proposed by the user. (meaningful exchanges are
exchanges the presentation of which was initiated by the user. This policy excludes the
influence of system initiated PwoA and confirmation questions.)
For more info about this class, see 1.4Evaluating the performance of the user and the robot

AdaptStrategyProvider

Variables

private
private
private

private
private

private
private

static
static
static

static
static

static
static

int
int
int

int
int
int
int

user Problems DS Excluded
user Problems DS CurImpossible
user Problems Total

robot Problems DS
robot Problems Total

meaningful Exchanges DS
meaningful Exchanges Total

Methods

AnalyseExchange()

analyseDiscourseSegment ()

1.1.5 Threshold

This class maintains a list of constants that serve as thresholds and default values concerning the

adaptation.

AdaptStrategyProvider

Constants

ds Perform Remark Threshold (t-initiative frequency)
user_Ds_Perform Bad Threshold (s-initiative frequency)
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AdaptStrategyProvider

Methods decreaseSInitiativeFrequency()

decreaseTInitiativeFrequency()

1.2 Triggers

There are two types of triggers:

- strategy triggers: these triggers trigger direct execution of strategies. They are activated
immediately after the event happens, e.g., after it is recognized that user gives a Cmd_excluded.
They can be activated in RobotingManager, DialogManager and DiscourseObserver.

- update triggers: these triggers trigger the update of the strategy policy, and thus user profile.
They are activated in the class DiscourseObserver.analyseExchange()® every time when an
exchange is inserted into the discourse which is done in the class Discourse. In case a trigger is
fired, the Discourseobserver calls the InteractionManager.analyseUserBehavior().

The corresponding constants are specified in InteractionConstants.

Type Trigger Ty Location Remark
pe

TRIGGER INTER PRE START s |InteractionManager | Initially activated in
RobotingManager

TRIGGER INTER START t |RobotingManager This strategy consists several
steps and are continued (in
the DialogManager) if the

ser is cooperative.
Strategy . N perativ
trigger TRIGGER CMD_CUR IMPOSSIBLE t |DialogManager

TRIGGER CMD_EXCLUDED t |DialogManager

TRIGGER USER BAD PERFORM s | DiscourseObserver

TRIGGER USER_GOOD_ PERFORM s | DiscourseObserver

TRIGGER ROBOT BAD PERFORM s | DiscourseObserver

TRIGGER INTER _END s | DiscourseObserver

TRIGGER USER DELETE T DiscourseObserver

Update |TRiGGER USER ERROR AFTER T DiscourseObserver
trigger
TRIGGER USER _ERROR AFTER S DiscourseObserver
TRIGGER USER SAYS SORRY DialogManager

1 As to the firing of trigger, the difference between the class DiscourseObserver and the DialogManager is, that the
DiscourseObserver only does something after the processing of one exchange is already completed and it is added into
the discourse, while the DialogManager can fire triggers before the processing of one exchange is completed.
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1.3 Strategies

1.3.1 Level of strategies

The strategies are defined in the file of adaptstratbef.xml. They can be seen as following the
hierarchy:

Level 1: Type (t or s-strategies)
Level 2: group (max, mid, or min)
Level 3: trigger
Level 4: priority

For level 4 (priority), even if the first 3 levels are all identical and the content of the tag also seems to
be identical, the plain text entries in the outputTemplate.xml are different for different priority. In
fact, the priority is the content that is Intention that is passed to Checker for searching plain text. For
more of the implementation, see interactiig.AdaptStratyExecutor.handleInterStart().

1.3.2 Strategy scheduling

In case of there are still strategies left out for the last trigger as a new trigger is fired, the corresponding
strategies for this new trigger is added to the end of the Vector sortedstrategies that the
AdaptStratScheduler maintains and are executed after all the strategies for the last trigger was all
executed.

AdaptationSupervisor.handleTrigger():
/*1. call the provider to provide the appropriate strategies for the new trigger.
Vector strategiesToBeHandled =
provider.getStrategiesForTrigger (trigger, currentUser);
if (strategiesToBeHandled != null){

/*2.1. if there are other strategies left out for the last trigger, expand the vector of
strategy that the scheduler maintains. The current strategy is executed after all the last
trigger's strategies are executed. */

if (scheduler.moreStrategiesAreAvailable() &&

//if the existing strategies doesn not have the same trigger as the new one
!trigger.equals(( (AdaptStrategy) (scheduler.getSortedStrategies().get(0)))
.getTrigger())){

strategiesToBeHandled =
scheduler.expandSortedStrategiesWith(strategiesToBeHandled);
return;

}

/*2.2. if all the strategies for the last trigger are already executed, fill the scheduler
with the current strategies. */

else

scheduler.setAndSortCurrentStrategies(strategiesToBeHandled);
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/*3. execute the strategies */
adoptStrategy(strategiesToBeHandled, currentEx,

originalIntention, isContinuedAdaptation);

1.4 Evaluating the performance of the user and the robot

1.4.1 General info

The class interacting.DiscourseObserver is set up to centrally resolve this issue.

1. There are two types of performance that are measured:

In-interaction performance: the performance of the robot within one Discourse Segment
(although the evaluation is not done at the end of the Segment, for more, see 1.4.2In-
interaction performance measurement for robot and user). This performance evaluation is
associated with the trigger TRIGGER USER_BAD PERFORM, TRIGGER USER_GOOD PERFORM
and TRIGGER_ROBOT BAD PERFORM.

«  Overall performance the performance of both dialog partners that is measured at the end of
the whole session. This performance evaluation is associated with the trigger
TRIGGER INTER END. The decision making process of whether this triggers should be fired
also involves the contextual consideration (method

discourseContextAllowsSessionSummary).
2. The errors of the users and robot that are measured are:
. 'TheeHDrSOftheuserhxﬂude:Cmd_cur_impossibleaniCmd_excluded.

« The errors of the robot include: clar nonUnderst verbal, Clar partialUnderst and
Clar nonUnderst nonverbal.

3. The methods of this class is called in the dialoging.model.Discourse.addExchange():
- each time when a new exchange is added into the discourse, this exchange will be analyzed.
- each time when a new discourse segment is created, the last segment will be analyzed.

1.4.2 In-interaction performance measurement for robot and user

“In-interaction performance” is the performance of the robot and the user after three meaningful
exchanges. In the class of DiscourseObserver, the variable concerning the problems that user and
robot created are increased every time they occur.

1.4.2.1 Performance measurement

1. The performance is measured with parameters (a) the number of user/robot problems and (b)
the number of meaningful exchanges so far, with the following formula:

P = EXproblem / EXtotal
where the Exproblem means is the number of exchanges that indicates interaction problems (both).

2. User problems are measured using (DiscourseObserver.analyseExchange()):
if (currentIntention.getType().equals(Constants.INTENT CMD_EXCLUDED) ||
currentIntention.getType().equals(Constants.INTENT CMD CUR_ IMPOSSIBLE))

user Problems DS++;

3. robot problems are measured using (DiscourseObserver.analyseExchange()):
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if (currentEx.getIntention().getType().indexOf (Constants.PREFIX PROBLEM)>= 0)

robot Problems DS++;

The robot's problems are perceptual problems including: clar nonUnderst verbal,
Clar partialUnderst and Clar nonUnderst nonverbal.

1.4.2.2 Firing trigger using threshold:

4. The calculated Py is then compared with a threshold that decides whether the performance is
good / bad.

In the actual implementation, the threshold Threshold.ds Perform Remark Threshold
(for doing remark on the performance of both user and the Tobot as s- 1n1t1at1ve) or
Threshold.user Ds_Perform Bad_Threshold (for providing task-related help as t-
initiative) is multiplied with the Exproblem, 1f the result is then greater than or equal to the
EXiotal , then the threshold is excessed.

Based on this calculation, if the Threshold.ds Perform Remark Threshold is set to 3,
then it means that the Exproblem should be at least 1/3 of the Exial to fire the trigger. Thus, the
higher this value is, the more frequent should the robot make the remark. If the value is 0,
the robot should completely stop doing remark.

During the adaptation, every time when the user ignores or reject such comments from the
robot, the value of these two thresholds is decreased. Once they arrives 0, then the user's
helpSeekinigType and interactionType will change to the passive one.

1.4.3 Overall performance measurement for robot and user

1.4.3.1 Performance measurement

1.

The overall performance is measured during the interaction following the principles described
in the last section. The variables robot problem total and user problem total are
increased with 1 every time when they create an error.

After user initiates the exchange “Parting”, the overall performance will be measured based on
the problems that have been created by the dialog partners (method
getTroubleMakerOfTheSession())

if (robot_problems_total — user problem total >= Threshold 1)

trouble maker = robot;

else if(user_problem total - robot_ problems_total >= Threshold 1)

trouble maker = user;

else if((robot_ problems_total + user problem total) * Threshold 2 >=
meaningful Exchanges_total)

trouble maker = both;

else

trouble maker = none;

where Threshold 1 = Threshold.ROBOT USER PERFORM DIFF THRESHOLD;

Threshold 2 = Threshold:.BOTH BAD TOTAL PERFORM THRESHOLD
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1.4.3.2 Contextual consideration
The trigger of TRIGGER _INTER END can only be fired if
- user initiates a Parting exchange (by saying good-bye)

- current (Parting) exchange does not have son-exchanges with support relations (because
otherwise the Parting exchange initiated by the user created problem (e.g.,
Cmd cur impossible) so that the robot initiates support exchanges).

This consideration is done in the method: discourseContextAllowsSessionSummary ()

1.5 Strategy updates

1.5.1 Initiation of the relevant values

1. The current user is initially set in RobotingManager.processPTAInfo (). Then after the
dlgInInteraction is set to true in CommWatcher.processInput, a AdaptationSupervisor
is assigned to the current user to take care of the adaptation.

2. The relevant adaptation values are:
. t-StrategyGroup
.« s-StrategyGroup
+ t-StrategyFrequency (associated with Threshold.user Ds_Perform Bad Threshold)
« s-strategyFrequency (associated with Threshold.ds Perform Remark Threshold)

3. For an experienced user, these values will be initiated with the ones specified in the
alluserData.xml (which means the values from the last session); for an novice user, the
values are set to the default ones in the class AdaptStrategyProvider. For all the initial
settings in the current implementation, see 1.5.5Currently implemented updates.

1.5.2 Two types of strategy updates
There are two types of updating:

1. updating the strategy families: the fundamental content of the strategies are changed because
the strategy groups (mid, min, max) are changed.

2. Updating the thresholds: The content of the strategy is not changed, but only its frequency,
which is implemented as the Threshold for firing the corresponding triggers. If the frequency is
reduced to 0, this special strategy is completely excluded. Once this happens, an strategy family
update will follow. This is an idea of “‘changing quantity leads to changes of quality”. Such
updates are applicable for variable strategies (as indicated by the attribute “variable” in the
adaptStratDef.xml). More specifically,

- such variable t-strategy is
InteractionConstants.STRAT CONTENT PERSONALIZED ABILITY EXPLAIN with the
trigger InteractionConstants.TRIGGER USER BAD PERFORM.

+  And such s-strategies are STRAT CONTENT PRAISE and STRAT CONTENT APOLOGY for
trigger TRIGGER_ROBOT BAD_PERFORM and TRIGGER_USER_GOOD_PERFORM.
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These updates are executed in the interacting.AdaptationSupervisor.analyseUserBehavior().

1.5.3 User behavior observation

To update the adaptation policy, the system observes user's reaction to its own initiatives for the t- and
s-strategies. This information is mainly delivered by the Discourseobserver. Relevant user behaviors
for such updates are:

- whether user ignores system's t-initiative
- speech recognition errors after system's t-initiative
- speech recognition errors after system's s-initiative

- user says “thank you” or “sorry”.
(if (intentionType.indexOf (Constants. INTENT JUDGE COMM) >= 0 ))

For currently implemented if-else-strategy-update catalog, see 1.5.5Currently implemented updates

1.5.4 How the updating works

n5er ignores t—initiative or user ASKE emors after

A s—imiti atise
o O\ W— ASR errors after t—initi ative i n. e RS
(personalized ability explanation) S g perfunnaﬂce::
UserObserver decreaseTIni ti ativeFrequencyi) decreaseSInitiativeFrequencyi)
. if( dnitiativePrequency = 0}[ if(sImiti ativePFrequency =0}
SedptBatgy Provider currentlser is HelpRejecter, currentUser is HMon—player;

decrease T Group, decreases Group,
]

A more general graph:
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1.5.5 Currently implemented updates

1.56.5.1 Operations (class InteractionConstants)

public static String META ADAPT = " ADAPT:";

/*trigger the update of the strategy-group or frequency*/

public static String META TRIGGER_UPDATE = META ADAPT +"TRIGGER UPDATE __ ";
/*trigger the adoption of a stratey*/
public static String META TRIGGER_ADOPTION = META ADAPT +"TRIGGER ADOPTION __ ";
/*continue the adoption of a stratey*/

public static String META CONTINUE ADOPTION = META ADAPT
+"CONTINUE ADOPTION "

/*update a strategy*/

public static String META UPDATE = META ADAPT +"UPDATE "
/*adoption of a strategy*/

public static String META ADOPTION = META ADAPT +"ADOPTION "y
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1.56.5.2 Initial settings for novice user (class Threshold)

DEFAULT EXPLEVEL = InteractionConstants.EXPLEVEL_LOW;

DEFAULT INTERTYPE = InteractionConstants.INTERTYPE_PLAYER;

DEFAULT HELPSEEKTYPE = InteractionConstants.HELPSEEKING_TYPE_APPRE;
3;

3;

DEFAULT S INITIATIVE FREQUENCY

DEFAULT T INITIATIVE FREQUENCY

1.5.5.3 trigger-adoption cataloq (adptStratbef.xml

See the file adptstratbDef.xml and compare 1.2Triggers

1.5.5.4 trigger-update catalog (see 1.5.4How the updating works

Trigger Effect
TRIGGER_USER_DELETE_T Decrease t-initiative frequency
TRIGGER_USER_ERROR_AFTER T Decrease t-initiative frequency
TRIGGER_USER_ERROR_AFTER S Decrease s-initiative frequency
TRIGGER_USER_SAYS_SORRY Increase s-initiative frequency

1.5.6 Notes

The definition of the self performance remarks:

- each time speech recognition errors occurs immediately after each system's s-initiatives, the
threshold for performance remarks is decreased with 1.

This means, the performance remarks can be completely shut down even before the system
ever evaluated one discourse segment.

- If several speech recognition errors occurs after one s-initiative, the mother exchanges of
these corresponding exchanges will be set to the initial s-initiative. For one t- or s-initiative,
the Threshold only decreases once.

1.6 Modification of the existing adaptation abilities
1.6.1 Adding new abilities

1.6.1.1 Adding new strateqy for one existing trigger

1. Adding the definition of a new strategy (mainly its attribute content of a tag, but if there are
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several content matching one strategy, also the attribute priority) in the configuration file of
adaptStratDef.xml.

2. Adding the corresponding constants in the class of dialoging.Constants and
interacting.InteractionConstants.

Adding the response plain text in outputTemplate.xml.
4. Adding its discourse segmentation purpose in the taskCollection.xml.

Updating the class of interacting.AdaptStratExecutor with a part of an existing method
that executes this strategy.

6. If this strategy requires user reply, i.e., in the AdaptStratExecutor a normal exchange is created

instead of a PwoA, then also adding the requirements for an user acceptance in the file of
meaningEffectMatch.xml.

2 Attachment

2.1 Definition of trigger-strategies: AdaptStratDef.xml

<adaptStratDef>
<strategies type = "t">
<!--<strategy group = "min" variable = "false" trigger =
"Question abilities" priority = "1">adt answer</strategy>-->
<strategy group = "max" variable = "false" trigger =
"Cmd cur impossible" priority = "1">adt confirmation question</strategy>
<strategy group = "mid" variable = "false" trigger =
"Cmd cur impossible" priority = "2">adt propose new task</strategy>
<strategy group = "mid" variable = "false" trigger = "Cmd excluded"
priority = "1">adt propose new task</strategy>
<strategy group = "max" variable = "false" trigger =
"interaction start" priority = "1">adt name explanation</strategy>

<!--the first set of ability explanation, to be identified using
priority —-->

<strategy group = "max" variable = "false" trigger =

"interaction start" priority = "2">adt propose ability explanation</strategy>
<strategy group = "max" variable = "false" trigger =

"interaction start" priority = "3">adt self ability explanation</strategy>
<!--the second set of ability explanation, to be identified using

priority —-->
<strategy group = "max" variable = "false" trigger =

"interaction start" priority = "4">adt propose ability explanation</strategy>
<strategy group = "max" variable = "false" trigger =

"interaction start" priority = "5">adt self ability explanation</strategy>

<!--the third set of ability explanation, to be identified using
priority —-->

<strategy group = "max" variable = "false" trigger =

"interaction start" priority = "6">adt propose ability explanation</strategy>
<strategy group = "max" variable = "false" trigger =

"interaction start" priority = "7">adt self ability explanation</strategy>
<strategy group = "max" variable = "false" trigger =
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"interaction start" priority = "8">adt propose test run</strategy>
<strategy group = "mid" variable = "true" trigger =
"user bad performance" priority =
"1">adt personalized ability explanation</strategy> <!--apology if his performance
is good-->

</strategies>
<strategies type = "s">
<strategy group = "mid" variable = "false" trigger =
"interaction pre start" priority = "1">ads execute initiative greeting</strategy>
<strategy group = "min" variable = "false" trigger ="interaction start"
priority = "1">ads show happiness for user</strategy>
<strategy group = "min" variable = "false" trigger ="interaction end"
priority = "1">ads summarize interaction</strategy>
<strategy group = "mid" variable = "true" trigger =
"user good performance" priority = "2">ads praise</strategy> <!--praise the user if
his performance is good-->
<strategy group = "mid" variable = "true" trigger =
"robot bad performance" priority = "1">ads apology</strategy> <!--apology if the
performance of the robot is bad-->
</strategies>
</adaptStratDef>

2.2 User session data: allUserData.xml

<!--In the following, the information on two users who have interacted with the
system is recorded.-->
<?xml version="1.0" encoding="UTF-8"?>
<users>
<user>
<name>sonja</name>
<id>19</id>
<interactionFrequency>2</interactionFrequency>
<interactionType>player</interactionType>
<helpSeekingType>rejecter</helpSeekingType>
<lastSessionSettings>
<tStrategyGroup>max</tStrategyGroup>
<sStrategyGroup>max</sStrategyGroup>
<tStrategyFrequency>0</tStrategyFrequency>
<sStrategyFrequency>2</sStrategyFrequency>
</lastSessionSettings>
</user>
<user>
<name>Tom</name>
<id>256</id>
<interactionFrequency>1</interactionFrequency>
<interactionType>player</interactionType>
<helpSeekingType>appreciater</helpSeekingType>
<lastSessionSettings>
<tStrategyGroup>mid</tStrategyGroup>
<sStrategyGroup>mid</sStrategyGroup>
<tStrategyFrequency>4</tStrategyFrequency>
<sStrategyFrequency>3</sStrategyFrequency>
</lastSessionSettings>

DLG Documentation: Version 2. Pagel3 of 14



</user>
</users>
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Abstract— A very important goal in current research of [24]. This framework allows us to augment a robotic map
social robots is the cooperation in a team of human and robot. with information given by the user, while communication is
Especially in real world surroundings like home environmerts facilitated with the help of an adequate generic envirortmen

where personal service robots are instructed by several pete, - - .
different challenging tasks have to be performed. One of thee model. This model needs to provide appropriate concepts

tasks is the robust spatial orientation in an unknown surrownd-  (Or categories) to be filled with the information given by the
ing. In this paper we present the conceptual integration ofopo-  user. Since human encoded knowledge of spatial relations
logical localization using a map supporting attention hiearchies  and layouts is most likely represented in a partial hienarch
as derived from user studies. We will demonstrate the beneBt 1171 e suggest to use a hierarchical approach to model
of combining this localization approach with a powerful spdken . . .

dialog system. It will be used not only for labeling but, taking the link _bet_ween rObOt'_C mapplng and human adeq_uate
the special map representation into account, for learning ad ~ Communication. Other hierarchical approaches to environ-
tour guiding in a human-like interaction between a robot andits ~ ment representations have been used to model exploration

owner. These enhanced interaction capabilities that will ppvide  strategies [13] or wayfinding routines for robots [11], niyst
an extended human robot cooperation are crucial for the aim in the context of autonomous systems

of developing a new generation of robots that will be accepte Thi i ffort of ioini boti
not only as service robots but also as robot companions in our IS paper presents our elfort of joining a robotic map-

daily life. ping approach through a hierarchical environment model
and an attentional hierarchy with a multi-modal dialogue
. INTRODUCTION and interaction control system. The hierarchy is motivated
With the progress in research and product developmefrom concepts investigated in Cognitive Science and anec-
humans and robots get more and more close to each othdotic evidence from user studies. We show the link from
Specialized service robots (e.g., vacuum cleaners) have #ie concepts and the handling of different situations that
ready entered peopéehomes and are used on a regulacan occur during a “guided tour” scenario to the dialogue
basis. We suggest a more general view on service robaad propose a communicational framework for the actual
by working with the idea of a robot companion, a servicéntegration into a working system on software level. The
robot that is assigned to a particular working environmerdgnvironment modeling and the robotic mapping subsystem
and has a limited number of users. This is based on ttee thus used to provide the overall system with the ability
idea of the “Cogniron — The cognitive robot companion” [3]to localize in a (for humans) topological sense and thus
project which builds the framework to the work presentedommunicate its whereabouts appropriately.
here.
A “personal” (companion) service robot is designed to ful- Related work
fill a number of tasks in a domestic setting that require imdoo Our aim is to integrate several areas of robotics and
localization and navigation and thus very good knowledge dfuman-robot interaction into one conceptual framework to
the environment. This knowledge includes also the locationinvestigate a specific scenario, the “guided home tour’s It i
of particular items (e.g., the refrigerator, in case th& et thus natural that the background for the work has to be seen
comprises fetch-and-carry of cooled drinks) or the paldicu in all those areas for themselves as also in other approaches
looks of smaller objects that might have to be manipulatet integrated and / or interactive frameworks. Strong g tesd
(e.g., a “personal cup”). to the work presented here, but conducted under a different
In previous work we already suggested the framework dbcus is the work of Kruijff et al. [12]. Other work can
“Human Augmented Mapping” to obtain an initial sharedmostly be related to parts of the integrating concept, &g.,
environment representation for a service robot and its ustarms of the hierarchical approach to the environment model
by integrating the user into a robotic mapping process ihut without the interaction [7], or integrating mapping and
an interactive scenario (the “guided home tour”) [21], [22]interactively given information, but without the concegitu



Information / Labels

modeling [4]. Other references, directly related to thdipar Environmen Dialogue &
lar parts of the system, are given in relation to the desoript model Clarfication L,rgegerl\(;;[ls?gn
of those. .

localisation / new7h
B. Organization of the paper
The remainder of this paper is organized as follows. In

new region/locationv

glcal new region

section Il we motivate our hierarchy from similar investiga Topolo
tions in Cognitive Science and Robotics and give examples position 4| 9raph
for how the hierarchy can manifest itself in human-robot /
interaction. Section Il explains how this hierarchical ceb
is implemented for the robotic mapping process and i Metric Region
section IV we present the dialogue model and its link t¢SLAM segmentaﬂ#r@ﬁémi%ion
the environment model. With section V-B we propose a way
of integrating all the necessary components into a commu- Fig. 1. Overview of the mapping subsystem
nicational software framework on a robot. Conclusions are
drawn in section VI where we also give some ideas for future
work. the representation based on concepts. In the following two
approaches to answer this question are given.
Il. THE HIERARCHY
As mentioned before we use a hierarchy to describ@' Representing rooms
the arbitrary indoor environments which we assume as the In recent work [23] we propose a laser range data feature
robots workspace. So far we only incorporate three layerbased description of rooms (regions) that can be used for
into this hierarchy, namelyooms areas and objects(also the segmentation of the environment into the necessary
termed in other publications asgions locationsandobjects topological nodes (guided by the user’s information to form
[21], [23]). A roomis a somehovdelimitedpart of an indoor the nodes corresponding to the spatial concepts). Addition
environment. In most cases this corresponds directly ta whally the feature based description allows to facilitate the
common sense understands as “room”, but it could also bdaegalization in terms of rooms to a certain degree; in cases t
cubicle or otherwise separated area. Withaa@a we mean underlying metric localization process becomes uncertain
a specific but not spotlike part of a room where somethinthe feature description can be used to generate hypotheses
of interest for the user and the robot is located. This coultdr localization in the topological sense. This approach is
be, for example, the sofa or the TV-set. Areas can be useimilar to a method for learning of places used by Moebs
to describe a certain workspace for the service robot, as & [18].
“pick up my glasses from the table, please”, where the task The features used are the results of a statistical analf/sis o
for the robot means to go “somewhere close to the tablel laser range data set taken at a point specified by the user.
(into the table are3 to determine from which position the Using a small number of features (the length and width of the
glasses can be picked ufbjectsare not represented in data set in the directions of the principal component vector
the robotic mapping hierarchy, but they are incorporated ias well as their ratio to each other and the covered area
the environment model to reflect the domestic situation. Atmass) of the set) allows to keep a very concise description
objectis a mobile item that can and should be manipulated bpr relevant rooms.
the robot, e.g., a cup, glasses, a bottle, or the remoteatontr )
For the recognition of objects an Object Attention System i8: Representing areas
integrated independently from the mapping process. One option to represent areas with the help of available
sensor readings is to use a “view” representation of the
. M AP REPRESENTATION INLOCALIZATION important part of the room, taken from a pose from which
The robotic localization and mapping system used as oitiee robot observed the area. A problem here is definitely
of the major parts for the integrated system relies on diffethat laser range data only can not always be sufficient to
ent, hierarchically organized components. Figure 1 gives @eate a unique representation for each area. Thus, the pose
schematic overview of this mapping subsystem. Based on(position and orientation) relative to the surroundingmois
combination of metric and topological methods the systeralso taken into consideration to get an estimate of “where to
is able to report its whereabouts in a human-comprehensige”, but the exact position can be reached or described with
way using concepts and topological information, while éxaa certain margin. Another option to represent such a view is
navigation can still be enabled through an underlying roetriof course to use images of the particular observed scene and
mapping system. For this paper the most relevant level ofse a similarity measure of the appearance for the decision,
this mapping hierarchy is the highest level, the environmemvhere the area has its border [19]. So far we concentrate on
model, as described in the previous section. A central quethie combination of laser range data and pose representation
tion for the topological/conceptual localization the sggism  In the rare case that both cues, laser range data and pdse, fai
has to provide is how to map the robotic sensory data inthe Dialog is used to ask a human in the robots surrounding



for assistance, learning information about its currentitjors V. USING LOCALIZATION AND DIALOG IN AN
to avoid this situation next time. INTEGRATED SYSTEM

In the following we present more concrete use cases
in which our integrated system will prove its benefit and
performance. Therefore we will explore areas in the real

In general a dialog system is responsible for Carryingorld, which are unknown to a robot using the mobile

out interactions with the user including transferring use emonstrator BIRON.

commands to the robot control system and reporting task New Perspectives

execution results to the user. During the conversationlaglia ] ] ) ) )

system should be able to regulate the initiative distriyti ~ 11iS Exploration will be done in cooperation between
handle miscommunication, draw inferences between diald§20t and human, since the robot will not only be taught by
participantscontributions and organize and maintain the dis& P€rson in a natural way using a spoken dialog and deictic

course. To enable these abilities we implemented a powerféfStures for environment references, but will also be able t
grounding-based dialog model [15] for BIRON. take the initiative by itself. This initiative ranges fronmgply

Clark [2] proposed the notion of grounding: during aasking for names of unknown classified areas to solving

conversation the dialog participants need to coordina# th ambiguities in naming areas or objects. E.g., differenpieo

mental states based on their mutual understanding about frfh name places differently ora certain kind of area n a
room, a cupboard may occur in different rooms. For the first

B e e e a0 ambiguy e 1ot cou sk e user hther i
her account (presentation) was fully understood if herodjal an aIFe_rna_tNe hame for a Iocat!on or if it made a mistake in
partner provides some evidence of understanding (accsggssmcatlon. Thus the.taékbellr.wgalone depends on three
tance), i.e., if the ‘common ground’ is available. Only the arameters that act in interplay:

will the speaker be willing to proceed to another account. * Lu: the label that the human user proposes for the
Our dialog system is based on this idea. We represent current location. Users can name the same location dif-
dialog participants’ contributions as exchanges, i.eirspaf ferently for various reasons (e.g., by mistake, different
contributions. They achieve the state ‘grounded’ only & th users, at different time).

acceptance of the presentation is available which depends® LC: robot’s perception of the current location, i.e., what
on the communication success (e.g., if the speech input is the robot thinks where it is. Robot can be wrong in its
clearly understood) and the robot task execution statussd h perception, it can also have registered a wrong label.
exchanges are organized in a stack which represents the Lm: The robot's knowledge of other locations.
ungrounded discourse up to the current state. The groundingThe need for interaction arises when these three param-
status of the whole stack is dependent on the status of thters do not correlate in a logical manner. For example,
individual exchanges and the relations between them. Whe user proposes the name A for the current location (Lu
introduced 4 types of such relatiordefault support correct = A) while the robot “believes” that it is currently in an
and deletg and they can also have local effects on theiunlabeled location (Lc = new) and it already knows another
previous exchanges. According to the execution results @fcation with the name A4 € Lm). In this situation,

the robot control system the dialog system formulates ¢ontmpossibly the user wants a second room to have the name
butions for the robot. Each contribution of both the user and, or the robot's perception is wrong and it is actually in
the robot is categorized in terms of its roles, i.e., if itimtes the known location A. However, if the robot does not know
an exchange of a certain relation to the previous exchangeother location with the name AA( ¢ Lm) then it

or if it is the acceptance of an existing one. According tas more likely that this is a normal operation of the user
this role, either a new exchange is pushed onto the stack tor label a location, which was previously unknown to the
an old one (or a group of old ones) is popped becauseribtbot, with the name A. This would be a situation that
reaches the status ‘grounded’. All the popped exchanges drardly needs further negotiation between the user and the
collected into a vector which records the complete dialogobot. To resolve such ambiguities the robot should be able
history. We thus model the grounding process using ao first initiate clarification questions and then relabglin
augmented push-down automaton which exhibits local flexer relocating itself according to the user’s answer which
bility in contrast to conventional approaches ( [25], [Tlhe requires a close cooperation between the Dialog System
implemented system enables a mixed-initiative dialogestyland the Topological Localization. Table | summarizes cases
and a well-organized discourse maintaining mechanism. Thieat occur most frequently in labeling tasks. For cases that
first evaluation [16] with this Dialog System provides sigon require ambiguity resolution the relationship between the
evidence for its flexibility and powerfulness. This systenintention of the user (recognized by the Dialog System
could facilitate smooth conversation concerning locaiara through clarification) and the corresponding operation of
tasks in HRI by flexibly handling complex clarification the Topological Localization is specified. This clarificati
guestions based on the messages that will be sent by tteguest behavior is comparable to very young children as
Topological Localization. previously described in section Il who expect only one label

IV. DIALOG SYSTEM



Case Parameter combination User Intention recognized Operation of
Name Lu Lc Lm through clarification Localization
initial labeling A new 0 - label A
repeated labeling A A A - -
user wants a second room to be labled as A add A
double labeling| A new A user wants to correct Lc relocate to A
user wants to add a second name for the location add B
correction B A A user wants to rename the current location relabel A to B
relocate B A A, B - relocate to B
ost | any unknown any | oo the user o take the opetback o an

TABLE |
USE CASES FOR THE DIALOG SUPPORTED LOCALIZATION

for the same object or area and need additional explanatibnth provides an intuitive feedback by an animated face
otherwise. representing the current robot state and could additipnall
Besides ambiguities in the labeling process, ambiguitiggovide context dependent menus for quick user interaction
for areas or objects with the same name during data requéstsides the visual feedback of the touch screen two speakers
should be solved. The topological map representation proecognizable as black circles are used for speech output
vides the information for the robot to discriminate a brustinitialized by the Dialog (see section 1V). For computation
at the bathroom (for teeth cleaning) from a brush at thevo onboard PCs (Pentium Il 500MHz, and Pentium Ili
hallway for tidying up the room. So a fetch and carry taslB50MHz with 256MB RAM each) are used in combination
like "Please, fetch me the brush” might be solved differgntlwith three Laptops (Pentium Mobile, 1.7GHz, 1GB RAM)
according to the recent position of the robot, or at least tha a network. Due to the different calculation powers the
robot will suggest the according brush via the Dialog. For anboard computers are in primary use for sensor reads
robot already knowing its operating area a comfortable armhd hardware control. The Dialog system including speech
more human-like way of guiding can be established. Humaprocessing and the image processing are running separately
navigation often takes relations to objects into accougt, e each on one notebook. The third notebook will be used for
"The kitchen is to the right side of the stairs.” instead of
"Go 5 meters ahead, turn 90 degrees clockwise, go 2 meters

ahead.” In our scenario the robot can guide a interaction e
partner from one way point to another, with each way point
being an entry on its topological map by following a person
and politely asking her to turn around if she has gone into
the wrong direction or guiding her to the next way point

using the navigation.

B. Integration on a mobile demonstrator

Although the presented system is designed on arbitra
robots using a laser range finder and a dialog based user=14scm
interface, we choose BIRON - The Bielefeld Robot Compan-
ion (see Fig. 2) as a demonstrator. It bases on the Pioneer2
PeopleBot from ActiveMedia. The robot is 1.45 meters tall
and uses one laser range finder for the perception of the
surrounding in front of it. Two color video cameras are
mounted for general observation of the recent scene and
for detailed focusing of persons and objects. At the top of
the upper platform two microphones for stereo recording of
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display is mounted on the platform, too. The touch screen

Fig. 2.

Hardware composition of BIRON



the Topological Localization and Navigation to achieve are triggered by Events sent from the Dialog, based on
system running completely in real time. user input. For the connection of the independently working
For the realization of a real time capable system, operatingodules of all three layers we use a simple to handle but
in various home environments we chose a decentralized apdwerful communication framework calledML enabled
modular hybrid system architecture [5] as first describe@ommunication FrameworkXCF) [26]. As we concentrate
by [8]. It consists of a pure reactive layer, containingon the expected benefits of this combination, the remaining
modules with no or very poor planing or memory capabilmodules will not be detailed here but are described in
ities, a deliberative layer for modules with high planningorevious work [6], [14], [10], [9]. Using this modular aprcia
or controlling capabilities, and an intermediate layertfog for easily extending the abilities of the robot towards more
synchronization of the deliberative and the reactive layerooperative interactions will enable us to investigateupe
(see Fig. 3). The synchronizations task is solved by the smmming questions concerning HRI in our daily surrounding.
called Execution Supervisor which is in principle a finiteWe are convinced that the dialog supported localization as
state machine, reading the defined states and transiticsooperative task, will raise the long term acceptance of a
from a configuration file written in XML. The Execution robot compared to systems accomplishing a calculated path,
Supervisor uses the data output of the other modiesr{t3 expecting the user to follow it without interaction.
to perform a transition from one robot state to another one.
For each transition the Execution Supervisor can recordigur
the modules of the reactive layeDidery and informs the ~ In this paper we presented a conceptual integration of
modules of the deliberative layer about the current systef localization and mapping system with a spoken dialog
state Gtatuy. Thus it can also forward information from System on a mobile demonstrator for a jointly exploration of
one module to another but does not interprete it. In thignknown environment with a human. To achieve a human
way the data format can change and even new modules cif¢ representation of the surrounding user studies were
be connected to the Execution Supervisor without changirf@nducted with the results ... . Therefore the map repre-
one line of source code, but only editing the configuratiogentation was designed in a similar way using topologies
file with the definition of the finite state machine. This@nd an attention hierarchy to report its whereabouts in a
architectural concept is sufficiently generic to be applied human-comprehensive way for the ordered representations
totally different anthropomorphic robot [20] using the sam Of rooms, areas, and objects. The presented Dialog is used
concept of deliberative and reactive elements. for transferring user commands, reporting results to the
For the successful integration process of the topologicHSer and handling clarification questions. We described how
map representation and localization in our mobile robothese modules could be integrated into an existing software
multiple modules as depicted in Fig. 3 are involved, to edtenframework on the robot BIRON by a XML based data
interaction capabilities in combination with the Dialogs A €xchange. Thus aiming at a more human oriented way of
part of the deliberative layer the Dialog is considered as tr® "guided home tour” compared to previous localization
mayor element of the control architecture. All tasks of théasks in HRI. The benefit was demonstrated by different use

robot concerning the interaction with one selected persdi®Ses, concerning the solving of ambiguities and and error
correction on the example of labeling atidtch and carry’

VI. CONCLUSION& OUTLOOK

tasks.
Deliberatie | | Dialog As a next step after realizing the described integratiom, th
tayer System robot will extendedly be used in a real world flat, rent for
S R foo R user studies and long term evaluation of the described and
| A\.| Topological Execuon | upcoming abilities within the next years. Thus presenting
Intermediate Localization Supervisor

convincing evaluation data and new results for the ongoing
HRI research, soon.
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b
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